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Ketone-body Production from Various Substrates 
by Sheep-rumen Epithelium 


By R. J. PENNINGTON anp T. M. SUTHERLAND 
Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 20 October 1955) 


The rumen of the sheep is lined with a stratified- 
squamous epithelium, through which are absorbed 
short-chain fatty acids, ammonia and probably 
other products of the microbial degradation of 
foodstuffs in the rumen. The finding that this 
tissue can metabolize most of the short-chain fatty 
acids occurring in the rumen (Pennington, 1952; 
Annison & Pennington, 1954) and possesses a 
capacity for ketone-body production comparable 
with that of liver led us to further investigations of 
its metabolism. The present paper deals with some 
aspects of the carbohydrate metabolism of the 
tissue; particular attention has been given to 
factors governing ketone-body production. 


tXPERIMENTAL 


Materials. A.R. lactic acid was diluted to approximately 
N concen. and the solution refluxed for 24 hr. The concentra- 
tion of lactic acid by alkali titration was adjusted to exactly 
N and the solution stored in the refrigerator. Portions were 
neutralized with NaOH when required for experiments. It 
was found that a shorter period of boiling, as recommended 
by LePage (1945), was inadequate to hydrolyse the poly- 
mers present in A.R. lactic acid; the alkali equivalent of 
solutions thus prepared increased considerably on storage. 
The alkali equivalent of solutions refluxed for 24 hr. showed 
no further increase on storage and was in agreement with the 
lactic acid content measured by the method of Barker & 
Summerson (1941) against a lithium lactate standard. 
Complete hydrolysis of the polymers in A.R. lactic acid 
could also be effected by treating a solution of the acid with 
excess of alkali; back titration of the NaOH added indicated 
that the lactic acid solution had the same alkali equivalent 
as when measured after prolonged boiling. 

A solution of pyruvic acid (N) was prepared from com- 
mercial pyruvic acid that had been freshly redistilled in 
vacuo and stored in the refrigerator. Solutions of the pyru- 
vate were prepared from this just before use by cautious 
addition of NaOH or by the addition of the calculated 
quantity of NaHCO, solution. 

Sodium fluoroacetate was a gift from Sir Rudolph Peters, 
F.R.S. All other compounds were commercial products, 
used without further purification. 

Analytical methods. Pyruvic acid was determined by the 
method of Friedemann & Haugen (1943) with minor modifi- 
cations. Toluene was used to extract the 2:4-dinitrophenyl- 
hydrazone, and the phases were mixed by mechanical 
shaking for 1 min. in glass-stoppered cylinders. Optical 
density was measured with a Hilger Biochem Absorptio- 
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meter, filter no. 52 (Ilford 604) being used. Acetoacetate 
and «-oxoglutarate gave 14 and 10% respectively of the 
colour given by an equimolar amount of pyruvate. It was 
not feasible to correct the pyruvate values for the aceto- 
acetate present, since no attempt was made to estimate the 
proportion of acetoacetate in the total ketone bodies. It isto 
be expected that varying amounts would have decomposed 
to acetone before the pyruvate assays were made. 

Total ketone bodies (£-hydroxybutyric and acetoacetic 
acids and acetone) were determined colorimetrically as 
acetone 2:4-dinitrophenylhydrazone (Greenberg & Lester, 
1944). The solution of the 2:4-dinitrophenylhydrazine 
reagent was extracted before use with CCl, to reduce the 
blank readings to a low value. It was also found advisable to 
increase the concentration of the Na,SO, solution, used for 
destroying excess of chromic acid, from 15 to 18 % (w/v) of 
the anhydrous salt. A correction was made for low recovery 
(70%) from B-hydroxybutyric acid; this acid constituted 
about 30% of the total ketone bodies. Glucose was deter- 
mined by the method of Somogyi (1945) on ZnSO,-NaOH 
filtrates. For glycogen determination the procedure of 
Good, Kramer & Somogyi (1933) for the isolation and 
hydrolysis of glycogen was used in conjunction with the 
determination of glucose by the anthrone reagent of Fair- 
bairn (1953). 

Lactic acid was determined by the method of Barker & 
Summerson (1941) with several modifications. To eliminate 
interference from pyruvic acid, 9 ml. of conc. H,SO, was 
used instead of 6 ml. (Speck, Moulder & Evans, 1946). 
A lml. sample, after deproteinization and copper-lime 
treatment, was added dropwise with shaking to the ice- 
cold acid. The tube was stoppered and placed for 5 min. in 
a boiling-water bath. After cooling, 4 drops of the CuSO, 
solution and 7 drops of the p-hydroxydipheny] reagent were 
added and the tube stood in ice for 1 hr. with occasional 
shaking. The tube was then placed in boiling water for 
90 sec., returned to the ice bath for 5 min. and allowed to 
warm to room temperature before the colour was read in a 
3iochem Absorptiometer with filter no. 58 (Ilford 606). 
A blank and two levels of standard were incorporated with 
each set of analyses. A lower and much more variable colour 
development was obtained if the tubes were incubated at 
30° for colour development as recommended by the original 
authors. This may possibly be due to a relatively rapid 
sulphonation of the reagent at the higher temperature. 
Other workers have reported that satisfactory colour 
development could not be obtained with some batches of 
H,SO,. We have found that A.R. H,SO, (Hopkin and 
Williams Ltd.) was always satisfactory. It is of interest that 
practically no development of colour could be obtained with 
a purer grade of H,SO,, the M.A.R. product of British Drug 
Houses Ltd.; possibly traces of impurity act catalytically. 
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For citric acid the method of Weil-Malherbe & Bone 
(1949) was used, except that excess of bromine was de- 
stroyed with Na,SO, instead of Na,S,O,; this led to more 
reproducible colour densities. When Na,S,O0, was used the 
final colour was influenced very markedly by its rate of 
addition. 

Oxygen uptake was measured with Warburg manometers 
in the conventional way. 

Sections of epithelial tissue were prepared and used as 
previously described (Pennington, 1954). 

Media. Krebs-Ringer solution (Cohen, 1945) was 
modified by increasing the NaCl concentration to 0-167M; 
this is isotonic with sheep blood (Aldred, 1940). Unless 
otherwise stated, 10 ml. of medium, buffered at pH 7-1 with 
phosphate or CO,—bicarbonate, or both, as described in the 
legends, was used. CaCl, was omitted from the medium, 
since the rate of pyruvate utilization by the tissue was 
10-20 % higher in its absence (Table 1). 

The chemical analyses were performed on the medium, 
together with the tissue washings. Corrections were 
necessary for the amounts of each metabolite retained by the 
tissue after the routine washing procedure. Tissue retention 
of pyruvate, lactate and glucose was estimated by grinding 
the washed tissue with 2N-H,SO,, diluting, centrifuging and 
analysing the supernatant. Retained ketone bodies were 
extracted by heating the tissue with water in a closed tube 
for 30 min. in a boiling-water bath. It was found that, 
under the conditions of the experiments, approximately 1% 
of the total pyruvate in the system was retained by the 
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tissue when 1-5 g. of tissue was used. Corresponding figures 
for glucose and ketone bodies were 3 and 10% respectively. 
The retention of lactate when sodium pi-lactate had been 
added as substrate was 7%, but when lactate was produced 
by the tissue it was retained to the extent of approximately 
13%. With the exception of the experiment of Table 11, the 
tissue-retention values were not obtained directly in the 
experiments but were taken from a series of separate 
experiments. This was justified by the constancy of the 
values (range of variation, not more than 1-2 % of the total 
compound present in the tissue and medium). 


RESULTS 
Metabolism of pyruvate 


Pyruvate was found to be readily metabolized by 
rumen epithelial tissue. The major part of the 
pyruvate disappearing could be accounted for by 
the production of lactate and ketone bodies. The 
results of typical experiments are presented in 
Tables 1 and 2. The lactate values are corrected for 
lactate production in the controls, which was, 
however, extremely small. It may be seen that in 
bicarbonate buffer the quantity of ketone bodies 
produced was markedly smaller than in phosphate 
buffer. Furthermore, the total pyruvate uptake 
and the amount of pyruvate unaccounted for as 


Table 1. Metabolism of pyruvate by sheep-rumen epithelium incubated in media 
with and without Ca?+ 


Tissue (1 g., wet wt.) was incubated for 3 hr. at 39-5° with 100 umoles of Na pyruvate; total vol., 10 ml. Figures are 
calculated to 100 mg. dry wt. of tissue. Ca?+ level when present (+) was 2-6 x 10-3. 


Gas Pyruvate Lactate Ketone bodies 
(Mixtures: uptake production produced 
Medium 0, +CO,, v/v) Ca2+ (umoles) (uzmoles) (moles) 
Ringer—phosphate 100% O, + 33-2 59 14-9 
Ringer—phosphate 100% O, = 36-5 11-5 16-1 
Ringer—phosphate—bicarbonate 80:20 ~ 36-2 10-8 8-6 
Ringer—phosphate—bicarbonate 80:20 - 2-0 10-6 8-7 


Table 2. Metabolism of pyruvate by sheep-rumen epithelium 
Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° with 100 wmoles of Na pyruvate; total vol., 10 ml. Figures are 
calculated to 100 mg. dry wt. of tissue. Lactate and ketone-body figures are corrected for control values which for ketone 


bodies are given in parentheses. 
Pyruvate 


Pyruvate Lactate Ketone bodies unaccounted 
Expt. Gas uptake production produced for 
no. Medium (O,+CO,, v/v) — (wmoles) (umoles) (umoles) (moles) 

1 Ringer—phosphate 100% O, 33-2 6-6 10-9 (5-5) 4:8 
Linger—bicarbonate 95:5 36-2 12-1 5-0 (4:5) 14-1 

2 Ringer—phosphate 100% O. 30-0 9-7 8-4 (3-2) 3°5 
Ringer-bicarbonate 95:5 32-4 17-5 3:7 (3-9) 73 

3 Ringer—phosphate 100% O, 18-2 7:8 3-9 (1-9) 2-6 
Ringer—bicarbonate 95:5 25-8 12-7 1-5 (2-2) 10-1 

+ Ringer—phosphate 100% O, 21-8 7-9 5-9 (3-3) 2-1 
Ringer—phosphate-bicarbonate 33-8 14-1 4-5 (3-6) 10-7 
Ringer—phosphate- bicarbonate 34-5 13-9 3:3 (3-6) 14-0 
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either lactate or ketone bodies, and possibly being 
completely oxidized, was higher in the bicarbonate 
medium. The values given for pyruvate unac- 
counted for are calculated on the assumption that 
two molecules of pyruvate are required to form one 
molecule of acetoacetate or B-hydroxybutyrate. It 
is possible that the endogenous ketone-body pro- 
duction is lowered during the metabolism of 
pyruvate. If this should be true, the values given 
for ketone-body production from pyruvate, which 


Table 3. Metabolism of pyruvate in oxygen and in 
air by sheep-rumen epithelium 


Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° 
with 100 pmoles of Na pyruvate; total vol., 10 ml. Lactate 
and ketone-body figures are corrected for control values, 
which for the ketone bodies are given in parentheses. 


Pyruvate Lactate Ketone bodies 

Expt. uptake production produced 
no. Gas (umoles) (umoles) (umoles) 
1 0, 24-1 8-7 5-6 (3-2) 
Air 24-8 8-6 5°6 (3-4) 
2 O, 31-4 9-9 9-5 (5-1) 
Air 31-1 10-7 9-2 (5-6) 

30 

25 (A) 

20 

15 

10 

5 





Time (hr.) 


Fig. 1. Metabolism of pyruvate at different concentrations 
during incubation for 3 hr. with sheep-rumen epithelium. 
1-5 g. of tissue (wet wt.) was incubated with (A) 100,- 
moles, (B) 50 umoles and (C) 25 wmoles of Na pyruvate for 
periods of 1, 2 and 3 hr. in Ringer—phosphate—bicarbon- 
ate gassed with O,+CO, (95:5); total vol., 10 ml. O, 
Pyruvate lost; @, lactate formed from pyruvate; ©, 
ketone bodies formed from pyruvate (corrected for endo- 
genous ketone-body production); /\, endogenous ketone- 
body production. 
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Table 4. Metabolism of pyruvate by sheep-rumen 
epithelium in media of various pH values 


Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° 
with 100 umoles of Na pyruvate; total vol., 10 ml. Figures 
are calculated to 100 mg. dry wt. and corrected for control 
values (no substrate). The medium was Ringer—phosphate 
adjusted with HCl or NaOH to the pH values indicated; 
the flasks were gassed with O,. 


Ketone 
Pyruvate Lactate bodies 

Expt. pH of uptake produced produced 

no. medium (umoles) (umoles) (umoles) 
1 6-6 25-2 8-7 4-9 
6-9 27-9 10-4 7-2 
7-2 32-5 10-1 79 
7-5 32-1 11-4 71 
2 6-6 40-6 14-4 7-5 
6-9 43-7 16-3 71 
7-2 43-7 17-4 6-8 
75 48-5 19-3 6-1 


are corrected for the ketone-body production in the 
absence of substrate, would be too small. 

There was no measurable amount of volatile 
fatty acid among the products of pyruvate meta- 
bolism. Application of the Voges—Proskauer test 
(Mackie & McCartney, 1946) for acetylmethyl- 
carbinol gave negative results. Analysis of the 
tissue showed that there was no increase in glycogen 
content during incubation with pyruvate. 

The production of large amounts of lactate in 
these experiments suggested that, under the condi- 
tions used, the cells may not have been adequately 
supplied with oxygen. To test this possibility com- 
parable experiments were carried out in 100% O, 
and in air (Table 3). It may be seen that there was 
little difference in the uptake of pyruvate or the 
pattern of its metabolic products; hence it may be 
assumed that the rate of oxygen diffusion into the 
tissue was not a limiting factor in these experiments. 

If the volume of medium was decreased from 10 
to 5 ml. there was no decrease in relative lactate 
formation. If the volume was increased to 20 ml., 
however, there was a considerable increase in the 
proportion of pyruvate reduced to lactate. 

The uptake of pyruvate and the production of 
lactate and ketone bodies after different periods of 
incubation and with different initial concentrations 
of pyruvate are shown in Fig. 1. The proportion of 
pyruvate converted into ketone bodies increased 
with time, and the rate of endogenous ketone-body 
production decreased. At higher concentrations a 
smaller proportion of pyruvate was converted into 
ketone bodies, but relatively more lactate was 
formed. 

Alteration of the pH of the medium within the 
range pH 6-6-7-5 did not alter appreciably the 
distribution of the metabolic products from pyru- 
vate, although at the lower ranges the uptake of 
pyruvate was decreased (‘Table 4). 


bo 
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Metabolism of lactate 


Lactate was metabolized much more slowly than 
pyruvate, but the metabolism of lactate was also 
associated with ketone-body formation (Table 5). 
The proportion of lactate converted into ketone 
bodies appeared to be slightly less in the bicarbon- 
ate buffer. 


Glucose metabolism and the antiketogenic 
effect of glucose 


Table 6 shows the results of similar experiments 
with glucose. Appreciable amounts of lactate were 
produced in both phosphate- and _ bicarbonate- 
buffered media. In marked contrast with pyruvate 
or lactate, the presence of glucose lowered the 
ketone-body production below the endogenous 
level in nearly every experiment, the effect being 
more pronounced in the bicarbonate medium. 

In view of this difference, it seemed of interest to 
study ketone-body production when glucose was 
metabolized together with pyruvate or lactate. The 
results of such experiments, which are given in 
Table 7, showed that glucose markedly lowered the 
formation of ketone bodies from pyruvate or 
lactate. The quantity of pyruvate disappearing 
was actually greater, in most cases, in the presence 
of glucose. An estimate of the effect of glucose on 
lactate production from pyruvate is complicated 
by the fact that lactate is produced from both 
substrates, but it seems evident that, at least in the 
absence of bicarbonate, glucose increases lactate 
production from pyruvate. The total disappearing 
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substrate not accounted for as ketone bodies or 
lactate (assuming that each glucose molecule gives 
rise to two 3-carbon fragments) when glucose and 
pyruvate were together was greater, in every case, 
than the sum of the values when each was meta- 
bolized separately. This would appear to be true 
also for lactate—glucose mixtures. 


Metabolism of the acids of the citric acid cycle 


Before an investigation could be made into the 
mechanism by which glucose is able to divert the 
metabolism of pyruvate away from ketone-body 
formation it seemed essential to have more infor- 
mation concerning the metabolism of rumen- 
epithelial tissue. In particular, it was of interest to 
know whether it could carry out the reactions of the 
citric acid cycle. The influence of acids of the cycle 
upon the rate of oxygen uptake of the tissue is 
shown in Table 8. Table 9 records lactate and 
ketone-body production from some of these acids. 
Succinic, fumaric, «-oxoglutaric, malic, citric, cis- 
aconitic and oxaloacetic acids were all metabolized 
as indicated by their effect upon Qo,. trans- 
Aconitie acid, which inhibits aconitase (Saffron & 
Prado, 1949), markedly lowered the oxygen uptake. 
Succinate, fumarate, «-oxoglutarate and malate all 
increased lactate production by the tissue but 
differed in their effect upon ketone-body produc- 
tion. Fumarate and malate produced an increase 
over controls, succinate had no effect and «-oxo- 
glutarate was antiketogenic. Added oxaloacetate 
proved strongly ketogenic. 


Table 5. Metabolism of pu-lactate by sheep-rumen epithelium 


Tissue (2 g., wet wt.) was incubated for 3 hr. at 39-5° with 50 moles of pi-lactic acid as Na salt; total vol., 10 ml. 
Figures are corrected for control values. Ketone-body figures for controls are given in parentheses. Results are calculated 


to 100 mg. dry wt. 


Expt. 
no. Medium 
1 Ringer—phosphate 
Ringer—phosphate-bicarbonate 
Ringer—phosphate—bicarbonate 
2 Ringer—phosphate 


Ringer—phosphate—bicarbonate 


Table 6. 


Lactate Ketone bodies 

Gas uptake produced 
(O,+CO,, v/v) —(smoles) (umoles) 
100% O, 3-9 1-9 (1-5) 
95:5 4-1 1-0 (2-2) 
80:20 3-4 0-9 (1-9) 
100% Os 10-2 5-5 (3-2) 
95:5 10-2 4-9 (3-9) 


Metabolism of glucose by sheep-rumen epithelium 


Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° with 100 moles of glucose; total vol., 10 ml. Figures are 
corrected for control values. Ketone-body figures for controls are given in parentheses. Results are calculated to 100 mg. 


dry wt. - : 
Glucose Lactate Ketone bodies 

Expt. Gas uptake produced produced 

no. Medium (O,+CO,, v/v)  (pmoles)  (ymoles) (umoles) 

1 2inger—phosphate 100% O, 10-7 9-1 0-0 (2-7) 
Ringer—bicarbonate 95:5 6-7 58 —0-7 (2-1) 

2 Ringer—phosphate 100% O. 8-2 9-7 — 1-1 (3-2) 
Ringer-bicarbonate 95:5 8-7 14-0 — 1-8 (3-8) 

3 Ringer—phosphate 100% O, 10-5 12-7 1-2 (1-9) 
Ringer—-bicarbonate 95:5 8-8 13-1 — 1-2 (1-1) 
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Table 8. Rate of respiration of sheep-rumen 
epithelium in presence of organic acids 


Tissue (150 mg., wet wt.) was incubated in 3 ml. of 
Ringer—phosphate for 3 hr. at 39-5°. Acids were added as 
Na salts (30 moles). Results for the Qo, are mean values 
over 3 hr.; Qo, =ul. of O, consumed/mg. dry wt./hr. 


Expt. no. Substrate acid Qo, 
1 ec 
Succinic 
2 a 
Fumaric 


3 _ 
a-Oxoglutaric 
DL-Malic 


4 a 


Citric 
5 —- 
Pyruvic 
Oxaloacetic 
6 — 


cis-Aconitic 
trans- Aconitic 





Table 9. Metabolism of dicarboxylic acids 
by sheep-rumen epithelium 


Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° 
with 100 umoles of Na salt of dicarboxylic acid; total vol., 
10 ml. Results are calculated to 100 mg. (dry wt.) and are 
corrected for control values which for ketone bodies are 
given in parentheses. Medium; Ringer—phosphate. Gas; 
100% O,. 


Ketone 
Lactate bodies 
Expt. produced produced 
no. Addition (umoles) (umoles) 
1 L-Malate 1-53 +1-1 
Fumarate 1-70 +1-1\ ..5 
Succinate 3-75 0-0 [ ") 
a-Oxoglutarate 1-59 -3-0 
2 Oxaloacetate — +4-7 (3-5) 


Inhibitor experiments 


In an attempt to provide further evidence for the 
existence of the citric acid cycle in this tissue, use 
was made of monofluoroacetate and malonate, 
compounds known to produce inhibition of re- 
actions of the cycle. The results from two experi- 
ments with sodium fluoroacetate, presented in 
Table 10, show an appreciable formation of citric 
acid in the presence of the inhibitor together with 
pyruvate and fumarate (although there was much 
less citric acid produced than in comparable experi- 
ments carried out with kidney slices). The second 
experiment shows that fumarate could be omitted 
without lowering the citrate production. There was 
a smaller but measurable citrate production in the 
absence of fluoroacetate. 
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The effect of malonate on the uptake of pyruvate 
and glucose and the production of ketone bodies 
and lactate from these substrates was measured 
(Tables 11 and 12). In both cases the amount of 
substrate disappearing and not accounted for as 
lactate or ketone bodies was decreased. This 
would be expected if part of the substrate dis- 
appearing were oxidized via the citric acid cycle. 
In the presence of malonate ketone-body production 
from pyruvate was increased and glucose meta- 
bolism was accompanied by an increase in ketone- 
body formation. Lactate production from pyruvate 
was reduced to less than half. 
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Effect of dicarboxylic acids on ketone-body 
formation from pyruvate 


The addition of acids of the citric acid cycle to 
washed-liver suspensions can divert the pathway of 
pyruvate metabolism away from ketone-body 
production towards complete oxidation via the 
cycle (Lehninger, 1946). The possibility was con- 
sidered that the diversion of pyruvate metabolism 
in rumen epithelium away from ketone-body 
formation by glucose may be due to an increase in 
the supply of dicarboxylic acids in the tissue. To 
test this possibility the effect of dicarboxylic acids 


Table 10. Metabolism of rumen epithelium in presence of fluoroacetate 


Tissue (2 g., 
Results in pmoles/2 g. wet wt. of tissue. 


wet wt.) was incubated for 3 hr. in Ringer—bicarbonate; total vol., 10 ml. Gas phase, O, + CO, (95:5). 





Additions 
-—— “=- A— . Citrate Pyruvate Lactate 
Expt. Pyruvate Fumarate .Fluoroacetate produced uptake produced 
no. (umoles) (umoles) (umoles) (umoles) (umoles) (umoles) 
1 — -— — 1-1 _ — 
100 50 78 3°6 _ _— 
100 50 23-5 4-6 o — 
100 50 78 6-9 -- ~- 
100 50 235 7:3 _— _— 
100 50 — 2-7 a+ — 
2 —_ — 100 4-4 —_ 7-4 
100 -- 100 5°7 63-7 22-3 
—_— 50 100 4-8 — 7-1 
100 50 100 5-5 64-4 23-1 


Table 11. Effect of malonate on metabolism of pyruvate by sheep-rumen epithelium 


Tissue (1-5 g., wet wt.) was incubated in 10 ml. of Ringer—-phosphate—bicarbonate for 3 hr. at 39-5° with 100 umoles of 
pyruvate and stated malonate concentration. Results are given to a basis of 1-5 g. wet wt. and corrected for control values 
which for the ketone bodies are given in parentheses. Tissue retention values were determined directly in this experiment. 


Gas: O, + CO, (95:5). 
Ketone Pyruvate 
Malonate Pyruvate Lactate bodies unaccounted 
conen. uptake produced produced for 
(mM) (umoles) (umoles) (umoles) (umoles) 
0 59 25-6 7-4 (6-6) 18-6 
0-02 41 10-9 11-2 (9-5) 7-7 


Table 12. Effect of malonate on metabolism of glucose by sheep-rumen epithelium 


Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° with 100 wmoles of glucose and stated malonate concentration; 
total vol., 10 ml. Results are calculated to 100 mg. dry wt. and corrected for controls which for ketone bodies are given 


in parentheses. 





Glucose 
Malonate Glucose Lactate Ketone bodies unaccounted 

Expt. Gas concn. uptake production produced for 

no. Medium (O, +CO,, v/v) (M) (umoles) (umoles) (umoles) (umoles) 
] Ringer—phosphate 100% O, 0 10-8 4:5 0-3 (2-4) 8+ 
0-02 10-0 4-0 4-1 (4-0) 3-9 
2 Ringer-bicarbonate 95:5 0 8-8 13-4 — 2-7 (4-4) 2-1 
0-025 10-0 12-3 2-4 (5-9) 15 








Vol. 63 


Table 13. Metabolism of pyruvate with various dicarboxylic acids by sheep-rumen epithelium 
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Tissue (1-5 g., wet wt.) was incubated for 3 hr. at 39-5° with 100 umoles of Na pyruvate and the additions indicated; 
total vol., 10 ml. The dicarboxylic acids were neutralized with NaOH. Results for ketone bodies are total values. All 
values are calculated to 100 mg. dry wt. In Expt. 1 the medium was Ringer-bicarbonate, and the gas phase O, +CO, 


(95:5); in Expts. 2-4 the medium was Ringer—phosphate, and the gas phase 100% O,. 


Total 
Pyruvate Lactate ketone bodies 
uptake produced produced 
(umoles) (umoles) (umoles) 
31-8 9-5 9-7 
30-6 10-5 9-3 
29-7 10-5 9-0 
31-7 14-5 7-0 
— 10-6 8-4 
29-2 8-2 9-4 
30-0 10-0 9-0 
30-6 11-0 9-7 
32-9 15-9 7-0 
-— 11-7 9-1 
33-6 9-3 12-4 
34-4 14-9 12-4 
34-8 14-4 11-5 
36-6 20-3 8-7 
= 22-1 53 
25-1 8-6 6-3 
25-7 18-5 4-4 
26-6 19-2 5-1 
29-1 24-9 2-6 
~- 21-4 1-8 





Expt. 

no. Additions 

1 Nil 
DL-Malate ] 
Fumarate (50 pmoles) 
Succinate | Mnee ° 
a-Oxoglutarate , 

2 Nil 
DL-Malate | 
Fumarate Ss : 
Succinate | (50 umoles) 
a-Oxoglutarate | 

3 Nil 
L-Malate | 
Fumarate , 
Seanieaiin | (100 pmoles) 
«-Oxoglutarate 

4 Nil 
L-Malate | 
Fumarate Z 
Sahin - (100 zmoles) 
a-Oxoglutarate 

upon ketogenesis from pyruvate was studied 


(Table 13). When added at a level of 50 wmoles the 
effect of the acids was small, succinate having the 
greatest influence. At a 100yumoles level greater 
effects were observed, although there were large 
differences between the acids. The antiketogenic 
effect shows some relationship to the effect on 
lactate production. 


DISCUSSION 


Studies on the mechanisms of ketogenesis and 
antiketogenesis in vitro have been largely carried 
out with liver tissue, the chief site of ketone-body 
production in most animals. It may be of interest 
to compare the observations recorded here on the 
effects of pyruvate, lactate and glucose on ketone- 
body formation in rumen-epithelial tissue with 
results which have been reported with liver slices. 
Edson (1936) found that pyruvate slightly in- 
creased acetoacetate formation by liver slices from 
adequately fed rats, but had the opposite effect 
when tissue from fasted rats was used. Glucose and 
lactate were also antiketogenic with slices from 
fasted rats. With slices from fed rats acetoacetate 
production was not affected by lactate. Rumen 
epithelium contains negligible quantities of gly- 
cogen and in this respect should be compared with 
fasted liver. However, the results obtained do not 
parallel exactly those reported with either fed or 
fasted liver. 


The mechanism of acetoacetate synthesis in 
liver is fairly well established. Two molecules of 
acetyl-coenzyme A react to give acetoacetyl- 
coenzyme A, from which free acetoacetate may be 
formed by hydrolysis (Lynen, Wessely, Wieland & 
Rueff, 1952). On the other hand, oxaloacetate or 
acids which can give rise to oxaloacetate will 
remove acetyl-coenzyme A to form citrate. Thus 
these acids will decrease the formation of ketone 
bodies from substances such as pyruvate or fatty 
acids giving rise to acetyl-coenzyme A in liver 
tissue (Lehninger, 1946). 

Possibly similar mechanisms of ketogenesis and 
antiketogenesis operate in rumen-epithelial tissue. 
If this is so the effect of carbon dioxide on pyruvate 
metabolism (Tables 1 and 2) might be explained by 
the formation of dicarboxylic acids by carbon 
dioxide fixation. We have found (unpublished 
results) that there is some incorporation of carbon 
dioxide into lactic acid when pyruvate is meta- 
bolized by this tissue. Two enzymes have been 
purified which can form dicarboxylic acids by 
carbon dioxide addition. Malic enzyme (Ochoa, 
Mehler & Kornberg, 1948) forms malic acid from 
pyruvate and carbon dioxide with the concomitant 
oxidation of reduced triphosphopyridine nucleotide 
(TPNH). Oxaloacetic carboxylase adds carbon 


dioxide to phosphoenolpyruvate to form oxalo- 
acetate; the phosphate group can be transferred to 
either inosine diphosphate or guanosine diphos- 
phate (Utter & Kurahashi, 


1954, 1955). This 
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enzyme does not act on pyruvate. The presence in 
rumen epithelium of either of these enzymes may 
account for the effect of carbon dioxide in de- 
creasing the amount of ketone bodies formed from 
pyruvate and correspondingly increasing the 
quantity of pyruvate unaccounted for as ketone 
bodies or lactate. 

If the above is correct, however, it is difficult 
to understand the failure of some of the added 
dicarboxylic acids (Table 13) to influence ketone- 
body production from pyruvate. It may be noted 
that only those acids which increased lactate pro- 
duction had appreciable antiketogenic action. It 
is also necessary to explain the increased ketone- 
body formation (Table 9) when fumarate, malate 
and oxaloacetate are metabolized alone. 

It is possible that access of oxaloacetate formed 
from added dicarboxylic acids to the site of acetyl- 
coenzyme A metabolism may be restricted by 
permeability barriers or other factors within the 
cell and that, furthermore, oxaloacetate is con- 
verted rapidly into pyruvate. Such factors, 
particularly when considered together, may explain 
the results obtained with the dicarboxylic acids. 
Possibly an antiketogenic action would be ob- 
served if a continuous supply of oxaloacetate was 
provided for the tissue. The more marked effect of 
a-oxoglutarate on ketone-body production might 
possibly be a result of succinyl-coenzyme A forma- 
tion (Sanadi & Littlefield, 1951; Hift, Ouellet, 
Littlefield & Sanadi, 1953). By competing for 
available coenzyme A, it may lower the formation 
of acetyl-coenzyme A from pyruvate. 

Several alternative explanations may be offered 
for the exceptional effectiveness of glucose in 
diverting the metabolism of pyruvate from aceto- 
acetate formation. The discovery of oxaloacetic 
carboxylase (Utter & Kurahashi, 1954), which was 
published whilst the present work was in progress, 
suggested the possibility that the metabolism of 
glucose by supplying phosphoenolpyruvate leads to 
the formation of oxaloacetate. The direct forma- 
tion of phosphoenolpyruvate from pyruvate itself, 
though possible (Lardy & Ziegler, 1945), is less 
likely, from thermodynamic considerations. Oxalo- 
acetic acid formed thus from glucose may be more 
readily available for combination with acetyl- 
coenzyme A than oxaloacetate formed from added 
dicarboxylic acids. 

Another possibility, 
more assumptions, is 





which, however, involves 
that glucose metabolism 


leads to the reduction of TPN. The TPNH thus 
formed may force the synthesis of malate from 
pyruvate by the malic enzyme. Again, in view of 
the negligible antiketogenic activity of added malic 
acid (Table 13), it would be necessary to postulate 
that the latter is not in equilibrium with malate 
formed thus from pyruvate. 
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There are two conceivable mechanisms by which 
glucose metabolism could result in the reduction of 
TPN. Glucose may be oxidized by the direct 
oxidation pathway (Dickens, 1936, 1938; Dickens & 
Glock, 1951), in which the oxidation of glucose 
6-phosphate is coupled with the reduction of TPN. 
Alternatively, reduced diphosphopyridine nucleo- 
tide (DPNH) formed during the glyceraldehyde 
phosphate dehydrogenase step in glucose meta- 
bolism may reduce TPN in the presence of trans- 
dehydrogenase (Kaplan, Colowick & Neufeld, 
1953). The latter mechanism, however, seems less 
likely, since lactate increases ketone-body forma- 
tion (Table 3) although it will also induce the 
reduction of DPN. Possibly, however, this is a 
quantitative difference between glucose and lactate. 
The difference in behaviour of glucose and lactate 
is evidence also against the possibility that the 
metabolism of glucose, by providing DPNH, 
stimulates fatty acid synthesis from acetyl- 
coenzyme A, thus decreasing ketone-body forma- 
tion from the latter. Such an explanation for the 
antiketogenic action of sorbitol in liver tissue has 
been suggested by Blakley (1952). 

At present it is not possible to decide which, if 
any, of these mechanisms provides a true explana- 
tion of the antiketogenic action of glucose. It may 
be seen from Table 11 that the amount of lactate 
formed in the phosphate medium, when pyruvate 
and glucose were both present, was much greater 
than the sum of the lactate values from each 
separately. This may be due to glucose metabolism 
increasing the reduction of pyruvate by supplying 
DPNH. This is not so in the bicarbonate medium; 
if more of the pyruvate is metabolized via the 
citric acid cycle in this medium, as suggested above, 
it is less likely that DPNH would be limiting. 

Although no attempt was made in the present 
work to determine whether a complete citric acid 
cycle operates in the tissue, many of the results, 
taken together, suggest that this is the case. The 
ability of the tissue to oxidize most of the acids of 
the cycle is indicated in Table 8. We have found 
(unpublished results) that when succinate is 
metabolized, fumarate and malate are produced. 
The inhibitory effect of trans-aconitate upon the 
oxygen uptake of the tissue is evidence that 
aconitase is involved in the normal metabolism of 
the tissue. 

The accumulation of citrate from pyruvate in 
the presence of fluoroacetate is evidence for the 
occurrence of an important step of the cycle, the 
condensation of oxaloacetate with acetyl-coenzyme 
A. The failure of added fumarate to increase the 
quantity of citrate formed accords with the 
suggestion made above that any oxaloacetate 
formed from added dicarboxylic acids may not be 
available for combination with acetyl-coenzyme A. 
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The effect of malonate on lactate production 
from pyruvate is striking. This may be a result of 
a decrease in the reduction of DPN, caused by the 
blocking of the cycle. Malonate also decreased the 
amount of glucose unaccounted for (Table 12) and 
showed a striking effect on ketone-body production. 
Instead of exerting its usual antiketogenic effect 
the metabolism of glucose was accompanied by an 
increased ketone-body formation. 

In conclusion, the results recorded in this paper 
emphasize the exceptional capacity of rumen- 
epithelial tissue, among extrahepatic tissues, to 
form ketone bodies. The existence in ruminants of 
a second important site of ketone-body formation 
may have some bearing on the susceptibility of 
these animals to ketosis. 


SUMMARY 


1. Sections of sheep-rumen epithelial tissue 
metabolized pyruvate with the production of 
lactate and ketone bodies. The presence of 
carbon dioxide lowered the production of ketone 
bodies. 

2. Lactate was metabolized with the formation 
of ketone bodies. 

3. Glucose lowered endogenous ketone-body 
formation and ketone-body formation from pyruvic 
acid. More pyruvate was metabolized in the 
presence of glucose. 

4. Most of the acids of the citric acid cycle 
increased the Qo, of the tissue. trans-Aconitate had 
the opposite effect. None of the acids had an anti- 
ketogenic activity comparable with that of glucose; 
succinate and «-oxoglutarate were the most active 
in this respect. 

5. Citrate was produced in the presence of 
fluoroacetate. 

6. Malonate increased ketone-body formation 
from pyruvate and caused the production of 
ketone bodies from glucose. 

7. Possible mechanisms are suggested for the 
antiketogenic effect of glucose. 


The authors are indebted to Mr R. Green, Mrs J. C. 
Mathieson and Miss W. A. Shonberg for technical assistance. 
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Absorption and Excretion of 4-Hydroxyisophthalic Acid 


By F. A. ROBINSON, K. L. A. FEHR anp M. E. H. FITZGERALD 
Research Division, Allen and Hanburys Ltd., Ware, Herts 


(Received 5 October 1955) 


In a preliminary communication, Chesher et al. reagents, and Table 1 summarizes the results obtained when 
; g 


(1955) reported that 4-hydroxyisophthalic acid, such reagents were sprayed on strips of filter paper “spotted” 
which had been shown to be the major constituent with solutions containing about 5 wg. of aromatic acids. 
4-Hydroxyisophthalic acid can be separated from closely 


of the ‘brown dust’ left after purification of sali- : ee 
itin sail iv aia aaa cad related acids by paper electrcphoresis. The apparatus used 
eylic acid by sublimation, possessed analgesic 2 : xe 

ia ae . 2 was that described by Flynn & de Mayo (1951), a p.d. of 
activity when administered intraperitoneally ; to 400v being applied to the electrodes with 2.N acetic acid as 
rats. Under these conditions it was more effective the electrolyte. After 16hr., the strips of filter paper 
and less toxic than acetylsalicylic acid. Its anti- (Whatman no. 3) were removed from the apparatus, dried 
pyretic activity was of the same order as that of and sprayed with one of the reagents described in Table 1. 
acetylsalicylic acid when tested on rabbits injected Theresults indicate that 4-hydroxyisophthalic acid migrates 
in the direction of the anode and moves further from the 
point of application than any of the other acids examined, 
with the exception of 2-hydroxyisophthalic acid. It can 
readily be separated from both salicylic and gentisic acids by 
this method. 


with a pyrogen solution prepared from Proteus 
vulgaris. The excretion of 4-hydroxyisophthalic 
acid was investigated to determine the fate of this 
substance in the body. The material used in the 
tests was obtained by extraction of ‘brown dust’ 


as described by Hunt, Jones & Lindsey (1955) and Detection of 4-hydroxyisophthalic acid 
had m.p. 314-315° (decomp.). and metabolites is urine 
f s Paper electrophoresis was used to detect the presence of 
METHOD AND RESULTS 4-hydroxyisophthalic acid and possible metabolites in 
Separation of 4-hydroxyisophthalic acid — “ ee: Se. ie oa en - pone tes : 
: tk aaa applied. Human urine was used undiluted, and rats 
from related ac urine, collected over 24 hr., was diluted to a volume repre- 


In common with most other hydroxylated aromatic acids, senting 10-15 ml. per rat. Normal human urine gave no 
4-hydroxyisophthalic acid gives a colour with FeCl, colour with FeCl, on either side of the point of application 
solution; this has a more reddish tinge than the coloursgiven _ after paper electrophoresis, whereas a 24-hr. sample of urine 
by most of the other acids. It can also be distinguished collected from subjects who had taken 0-66 g. of 4-hydroxy- 
from most of these acids by its behaviour towards other isophthalic acid by mouth gave a claret-coloured spot at a 


Table 1. Colour reactions on filter paper of various aromatic acids and phenol (about 5 yg.) 
and their behaviour on paper electrophoresis 


The reagents used had the following composition: (a) FeCl, solution (0-40% in acetone). (6) Ammoniacal AgNO, 
solution (Bray, Thorpe & White, 1950): 0-1N-AgNO, (25 ml.) and NH,OH (8 ml. of sp.gr. 0-88) made up to 50 ml. with 
water. (c) Folin-Ciocalteu reagent: (i) Folin-Ciocalteu reagent, followed by (ii) a saturated solution of Na,CQ,. 
(d) Aniline/xylose (Browning reaction; Smith & Spriesterbach, 1954): 5% aniline and 5% p-xylose in 50% ethanol. 
After spraying, the strip is heated for a few minutes at 125-130°. 








Test applied Distance travelled 
c s (cm.) 
(c) (d) ) X 

a (b) Folin- Browning To To 

Compound examined FeCl, AgNO, Ciocalteu reaction anode cathode 
2-Hydroxyisophthalic acid Orange No colour No colour Brown 16-0 —- 
4-Hydroxyisophthalic acid Claret No colour No colour Brown 6-7 — 
5:6-Dihydroxyisophthalic acid Violet Grey Dark blue Brown 5-7 —_ 
Salicylic acid Mauve No colour Greenish blue Brown 2-7 —_— 
Gentisic acid Transient blue Grey Blue Brown 2-5 _ 
2:4-Dihydroxybenzoic acid Reddish purple No colour Dark blue Brown 0-5 _— 
4-Methoxyisophthalic acid No colour No colour No colour Brown -- 0-5 
isoPhthalic acid No colour No colour No colour Brown _ 0-5 
Protocatechuic acid Greenish grey Grey Dark blue Brown — 0-7 
p-Hydroxybenzoic acid Pale yellow No colour Greenish blue Brown —- 1-0 
Phenol No colour No colour Dark blue No colour -— 1-0 
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point 6-5 em. towards the anode from the point of applica- 
tion, corresponding closely with the position taken up by 
4-hydroxyisophthalic acid. No coloured spots formed at the 
positions that would have been occupied by salicylic acid, 
gentisic acid, 2:4-dihydroxybenzoic acid, 5:6-dihydroxyiso- 
phthalic acid or protocatechuic acid, had these been present, 
and it is concluded that these acids are not metabolites of 
4-hydroxyisophthalic acid. The presence of 4-methoxyiso- 
phthalic acid, p-hydroxybenzoic acid, isophthalic acid and 
phenol, however, could not be excluded, because normal 
human urine gave with the aniline—xylose reagent a spot at 
a position 0-2-0 cm. towards the cathode from the point of 
application, and this spot would obviously have obscured 
the presence of any of these substances. 


Estimation of 4-hydroxyisophthalic acid in urine, 
faeces, blood and the alimentary tract 


The formation of a claret colour with Fe*+ ions was made 
the basis of a method for estimating 4-hydroxyisophthalic 
acid in urine, faeces, blood and the alimentary tract, the 
method of Trinder (1954) for salicylic acid being used. The 
reagent consists of 40 g. of A.R. HgCl,, 40 g. of Fe(NO,),and 
120 ml. of N-HCl made up to 1 1. with distilled water. For 
the estimation of 4-hydroxyisophthalic acid in urine the 
HgCl, was omitted. 

A standard curve was prepared by plotting the concentra- 
tions against the optical densities of the claret-coloured 
solutions obtained by treating 1 ml. of aqueous solution 
containing 0-1-0-5 mg. of 4-hydroxyisophthalic acid with 
5 ml. of reagent. The colour of these solutions was stable for 
at least 24 hr. Measurements of optical density were made 
in a Gallenkamp colorimeter, with an Ilford filter no. 623 
and a control solution consisting of 1 ml. of water and 5 ml. 
of reagent. A straight line passing through the origin was 
obtained. A similar curve was obtained for the Ca salt at 
equimolar concentrations, and no variation was caused by 
carrying out the assay at pH 4, 7 or 9. 

The aqueous fluid or extract to be assayed, diluted to 
contain 0-1—-0-5 mg. vf 4-hydroxyisophthalic acid per ml., 
was treated in the same way as a standard solution. To 
correct for interfering colours, the claret colour was dis- 
charged by the addition of 0-1 ml. of syrupy H,PO,, and the 
residual colour was evaluated against water, the result thus 
obtained being subtracted from the original reading. The 
amount of 4-hydroxyisophthalic acid present was then 
determined from the standard curve. 

Since urine from untreated rats gave with the reagent a 
colorimeter reading equivalent to the excretion of about 
0-3 mg. of 4-hydroxyisophthalic acid per rat in 24 hr., a 
blank value was determined before administration of the 
drug. Similarly, normal human urine gave a colour equiva- 
lent to about 40 mg. excreted in 24 hr. The figures vary 
somewhat from day to day. 

For the estimation of 4-hydroxyisophthalic acid in rat 
faeces, the dried material was ground to a powder, moistened 
with about 0-75 ml. of N-HCl per g. and extracted with ether 
in a Soxhlet apparatus for 7 hr. About 10 ml. of water was 
added to the extract and the ether distilled off. The aqueous 
extract was then neutralized with n-NaOH and made up 
with distilled water to contain 0-1-0-5 mg. of 4-hydroxyiso- 
phthalic acid per ml. 

For the estimation of 4-hydroxyisophthalic acid in blood, 
a1 ml. sample was withdrawn from each animal by heart 
puncture and added to 0-5 ml. of an anticoagulant solution 
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consisting of 0-4% of potassium oxalate and 0-6% of 
ammonium oxalate. A portion (1 ml.) of the mixture was 
immediately transferred to a centrifuge tube, treated with 
5 ml. of the reagent and centrifuged. The optical density of 
the supernatant liquid was measured as described above. 

For the estimation of 4-hydroxyisophthalice acid in the 
alimentary tract, extracts were prepared by grinding (a) the 
oesophagus and stomach, (5) the small intestine, and (c) the 
caecum and largeintestine with sand and water. The suspen- 
sions were adjusted to pH 8-9 with 10% NaOH solution 
and were then boiled before being made up to a suitable 
volume for assay. 


Recovery of 4-hydroxyisophthalic acid 
added to rats’ urine 


Amounts of 4-hydroxyisophthalic acid ranging from 0-1 to 
0-5 mg. were added to each ml. of urine and the 4-hydroxy- 
isophthalic acid content was estimated. The results from 
experiments carried out in triplicate indicated that the 
average recovery is 100-9+6-1%. When the values for 
0-1 mg./ml. are omitted, the recovery is 100-1+-3-8%. 





Recovery of 4-hydroxyisophthalic acid 
added to rats’ faeces 
4-Hydroxyisophthalic acid (20 mg.) was added to the 
faeces excreted in 24hr. by two rats. After extraction, 
19-8 mg. of 4-hydroxyisophthalic acid was found on assay. 
This represents a recovery of 99%. 


Recovery of 4-hydroxyisophthalic acid 
added to rats’ blood 

4-Hydroxyisophthalic acid (0-5 mg.) was added to 0-5 ml. 
of blood and the sample was assayed before and after incu- 
bation at 37° for 1 hr. Recoveries of 0-525 and 0-495 mg. 
were obtained, corresponding to percentage recoveries of 
105 and 99%. When 0-2 mg. of 4-hydroxyisophthalic acid 
was added to 1-0 ml. of blood a recovery of 0-19 mg. was 
obtained, equivalent to 95% of the theoretical value. 


Estimation of 4-hydroxyisophthalic acid 
in urine and faeces 


4-Hydroxyisophthalic acid was administered, 
mixed with the food, to a pair of rats, 19 mg. being 
given to the two animals, and the amount present 
in the urine was assayed by the method described 
above. A recovery of 54% was obtained in the 
urine excreted during the first 24hr. with no 
additional amount in the next 24 hr. sample. Rats 
were also each given by stomach tube doses of 10 
and 50 mg. of 4-hydroxyisophthalic acid, a dose of 
10 mg. of the acid with 100 mg. of NaHCO, and a 
dose of 18 mg. of the calcium salt of the acid (a 
hexahydrate), two rats being used in each experi- 
ment. The results are summarized in Table 2, and 
indicate that between 43 and 63 % of the acid may 
be recovered in the urine and faeces within 24 hr. 
Not more than 4 % was found in the faeces or in the 
urine within the next 24 hr. 

In an attempt to determine the fate of the rest of 
the 4-hydroxyisophthalic acid, experiments were 
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Table 2. Percentage of 4-hydroxyisophthalic acid excreted by pairs of rats after oral administration 


Substance and amount administered per rat 


Acid Acid 

(50 mg.) (10 mg.) 
First 24 hr. urine 20-8 37-8 
First 24 hr. faeces 22-9 26-0 
Total 43-7 63-8 


- eee oe XK 


—A 


— 
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4-Hydroxyisophthalic acid (% excreted) 


Oo 
nN 


10 12 14 16 18 20°22 24 


46 8 
Time after administration (hr.) 


Fig. 1. Rate of urinary excretion of 4-hydroxyisophthalic 
acid in rats. Oral and intraperitoneal administration of 
20 mg./animal in groups of five as either the free acid or 
its sodium salt. O--—O, Acid, oral (average from two 
experiments); x— x, sodium salt, oral (average from 
two experiments); A——A, acid, intraperitoneal (average 
from two experiments); x — - — x, sodium salt, intra- 
peritoneal (average from three experiments). 


carried out to determine whether some of the acid 
was being excreted in bound form. Samples of 
urine were hydrolysed with 2N-H,SO,, 3N-HCl, 
n-NaOH, a solution of KOH in ethylene glycol, 
and HI in a mixture of acetic anhydride and glacial 
acetic acid. In no instance, however, could the 
presence of a hydrolysable complex be demon- 
strated by an increase in the amount of colour 
produced. 

Rate of urinary excretion of 

4-hydroxyisophthalic acid 


4-Hydroxyisophthalic acid was administered to 
two groups of five rats, each group being given 
100 mg. by stomach tube and by the intraperi- 
toneal route respectively, and samples of urine were 
collected at intervals during the next 24 hr. and 
assayed as before. Other groups of rats were given 
124 mg. of the sodium salt (equivalent to 100 mg. of 
the free acid) by both routes and samples of urine 
were collected in a similar manner and assayed. 
The results are summarized in Fig. 1. These indi- 
cate that whereas the rate of excretion after oral 
administration was about the same for the sodium 
salt as for the free acid, the sodium salt was excreted 
at a much higher rate than the free acid when the 
compounds were given intraperitoneally. 





A | 
Acid Ca salt Acid (10 mg.) + 
(10 mg.) (18 mg.) NaHCO, (100 mg.) 
35-0 28-1 33-8 
26-3 28-6 19-0 
61-3 56-7 52-8 


The urinary excretion of 4-hydroxyisophthalic 
acid after the oral administration of graded doses of 
from 0-1 to 3-0 g./kg. was also measured, by cross- 
over tests with groups of four to five rats. The 
results, which are given in Table 3, show that with 
an increase in the dose the amount of 4-hydroxy- 
isophthalic acid excreted in the urine during the 
first 24 hr. increases, although the percentage of the 
dose excreted decreases. 


Estimation of 4-hydroxyisophthalic acid 
in rats’ blood and alimentary canal 


4-Hydroxyisophthalic acid (0-125 g./kg. of body 
wt.) was injected intraperitoneally into each of a 
number of rats which were killed after definite 
intervals. The 4-hydroxyisophthalic acid content of 
their blood was determined as described above. 
The results, given in Table 4, show that a maximum 
concentration is reached in about 15 min. and 
that after 30 min. the concentration falls rapidly, 
reaching a low level after 2 hr. 

4-Hydroxyisophthalic acid was also admin- 
istered by stomach tube, and the fate of the sub- 
stance in the alimentary canal after an oral dose of 
3 g./kg. was studied by assaying the 4-hydroxyiso- 
phthalic acid present in different sections of the 
digestive tracts of rats killed at various intervals 
after administration. The results, given in Fig. 2, 
show that large doses of 4-hydroxyisophthalic acid 
move very slowly through the alimentary tract 
and that absorption may well be too slow for the 
production of analgesia. The values used in Fig. 2 
are the average from two experiments. 


Excretion of 4-hydroaxyisophthalic acid and its 
calcium salt by human subjects 


In estimating the amount of 4-hydroxyiso- 
phthalic acid in human urine it was found that 
extraction with ether after acidification was 
desirable in order to reduce the amount of inter- 
ference from the background colour. Two subjects 
each took orally a 0-66 g. dose of 4-hydroxyiso- 
phthalic acid and a 1-19 g. dose of the calcium salt 
(hexahydrate). In the first 24 hr. after taking the 
free acid, subject A excreted 15-2% of the acid, 
and subject B 13-7%. After ingestion of the 
calcium salt subject A excreted in the first 24 hr. 
13-6 % of the acid, and subject B 10-1%. 
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Table 3. Urinary excretion by rats of increasing doses of 4-hydroxyisophthalic acid admi 
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Table 4. Concentration of 4-hydroxyisophthalic acid 
in rats’ blood after intraperitoneal administration 


Time after Mean of conens. 
injection No. of +s.£. of mean Range 
(min.) rats (mg./ml. of blood) (mg./ml. of blood) 
5 6 0-20 + 0-026 0-12-0-30 


0-24+0-021 0-17-0-31 
0-22 +.0-035 0-13-0-33 
0-089 + 0-023 0-02-0-13 
0-007 0-00-0-02 
Nil Nil 
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Fig. 2. Recovery of 4-hydroxyisophthalic acid from the 
alimentary tract of the rat after oral administration. 
O—O, Total alimentary tract; A—-—A, caecum + large 
intestine; x——x, oesophagus+stomach; @---@, 
small intestine. 


Table 5. Urinary excretion of 4-hydroxyisophthalic 
acid by human subjects after oral administration 


Period of Recovery (%) 
collection $$ 
(hr.) Subject A Subject B 


0-9 8-2 4-1* 
9-24 3°3 2-3 
24-33 3-2 1-6 
33-48 0-7 1-6 
48-57 Not collected 0-4 
57-72 0-8 0-8 
Total 16-2 10-8 
* Sample was incomplete. 


In another experiment the urine was collected in 
six portions for 72 hr. after the ingestion of 0-66 g. 
of 4-hydroxyisophthalic acid. The results obtained 
are given in Table 5. 

The most striking difference between the results 
with rats and human subjects is the relatively low 
recovery obtained in human urine and until experi- 
ments on faecal excretion have been carried out it 
is not possible to say whether the discrepancy is 
due to the drug being more completely metabolized 
or to its being excreted to a large extent in the 


faeces. 








DISCUSSION 


4-Hydroxyisophthalic acid is a substance of 
potential importance as an analgesic, with pro- 
perties somewhat similar to those of acetylsalicylic 
acid. It was therefore desirable that a study 
should be made of its fate when administered to 
experimental animals and human subjects. The 
results now reported indicate that after oral 
administration of 10 mg. of the free acid to a rat 
between 30 and 40% of the dose was excreted in 
the urine within the first 24 hr., and very little 
more in the next 24 hr. Values of the same order 
were obtained when the calcium salt or a mixture of 
the acid and sodium bicarbonate were given orally, 
so that the free acid and its water-soluble salts are 
excreted in much the same way. Sodium bicarbon- 
ate was given with the free acid to determine 
whether or not this affected the excretion, since 
Alpen, Mandel, Rodwell & Smith (1951) observed 
that the addition of sodium bicarbonate to salicylic 
acid increased the amount of free salicylic acid 
excreted in human urine at the expense of sali- 
cylurie acid. With an oral dose of 20 mg. per rat of 
either the free acid or the sodium salt 40-50 % was 
excreted in 24hr. A much higher proportion of 
4-hydroxyisophthalic acid was excreted after intra- 
peritoneal administration of either the free acid or 
the sodium salt, namely 70-90%, and the rate of 
excretion was very much higher when the sodium 
salt rather than the free acid was injected, although 
there was little difference in the rates of excretion 
when the two substances were given by mouth. 
Although the proportion of the dose excreted in the 
urine decreased as the size of the dose given by 
the actual amounts eliminated 
24 hr. may be considerable, ex- 
of body weight with a dose of 


mouth increased, 
by the kidney in 
ceeding 0-5 g./kg. 
3 g./kg. 

When 4-hydroxyisophthalic acid was given to 
rats by mouth, 20-30 % of a dose of 10 mg. per rat 
was excreted in the faeces in 24hr. After the 
administration of a high dose, namely 3 g./kg., the 
amount present in the oesophagus and stomach fell 
steadily from the 80% that was present after 2 hr. 
to negligible amounts after 24hr. A maximum 
concentration was reached in the small intestine at 
between 3 and 6 hr., and in the caecum and large 
intestine at about 16hr. Substantial amounts 
were found in the last-named organs after 24 hr. It 
seems probable that the absence of analgesia in rats 
given 4-hydroxyisophthalic acid by mouth ob- 
served by Collier & Chesher (1956) is due to the slow 
rate of absorption, which prevents an adequate 
concentration of the substance being built up in the 


blood. It is interesting to compare this with the 


work of Smith (1954) and Smith & Irving (1955), 
who have shown that salicylate, on intraperitoneal 
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or intravenous injection, delays the emptying of 
the stomach in rats and that it acis systemically. 
The failure to demonstrate analgesia in rats after 
intraperitoneai administration of the sodium salt of 
4-hydroxyisophthalic acid may, on the other hand, 
have been due to rapid elimination of the com- 
pound preventing the building up of an adequate 
concentration in the blood. 

No evidence has been found that conjugated 
forms of 4-hydroxyisophthalic acid are excreted or 
that it is converted into other aromatic acids. It is 
known that, in man, salicylic acid is excreted partly 
as such, partly as salicyluric acid, partly as the 
glycuronide and to a very small extent as gentisic 
acid. Rats excrete much larger amounts of gen- 
tisic acid after administration of salicylic acid than 
do humans (Kapp & Coburn, 1942; Smith, 1949; 
Alpen et al. 1951; Smith, 1953). 


SUMMARY 


1. The absorption and excretion of 4-hydroxy- 
tsophthalic acid, a potentially important analgesic, 
were studied in rats and human subjects. 

2. When 10 mg. of the acid per rat was admin- 
istered orally, 30-40% was recovered in the urine 
within 24 hr. Similar results were observed after 
oral administration of equivalent amounts of the 
calcium salt or of a mixture of the acid and sodium 
bicarbonate. 

3. On intraperitoneal injection of a suspension 
of the acid into rats 70-90% was excreted in the 
urine in 24 hr. About the same percentage of the 
compound was excreted in 24 hr. when the sodium 
salt was injected, but in this instance the rate of 
excretion was very much higher. 

4. When 10 mg. of the acid per rat was admin- 
istered orally, 20-30 % was excreted in the faeces in 
24 hr. The amounts of the compound present in 
various portions of the alimentary tract after oral 
administration of 3 g./kg. were estimated. 

5. In human subjects 10-16 % of a 0-66 g. dose 
of 4-hydroxyisophthalic acid was excreted in the 
urine within 24 hr. 

6. In contrast to the results reported with 
salicylic acid, no evidence was obtained that 4- 
hydroxyisophthalic acid is excreted in the form of 
conjugates or hydroxylated derivatives. 


We wish to thank the Directors of Allen and Hanburys 
Ltd. for permission to publish this work. 


REFERENCES 


Alpen, E. L., Mandel, H. G., Rodwell, V. W. & Smith, P. K. 
(1951). J. Pharmacol. 102, 150. 

Bray, H. G., Thorpe, W. V. & White, K. (1950). Biochem. J. 
46, 271. 











Vol. 63 


Chesher, G. B., Collier, H. O. J., Robinson, F. A., Taylor, 
E. P., Hunt, 8. E., Jones, J. Idris & Lindsey, A. S. (1955). 
Nature, Lond., 175, 206. 

Collier, H. O. J. & Chesher, G. B. (1956). Brit. J. Pharmacol. 
11, 20. 

Flynn, F. V. & de Mayo, P. (1951). 
235. 

Hunt, 8. E., Jones, J. Idris & Lindsey, A. S. (1955). Chem. & 
Ind. p. 417. 


Lancet, 261, 


4-HYDROXYISOPHTHALIC ACID 


367 


Kapp, E. M. & Coburn, A. F. (1942). J. biol. Chem. 145, 549. 

Smith, F. & Spriesterbach, D. (1954). Nature, Lond., 174, 
466. 

Smith, M. J. H. (1953). J. Pharm., Lond., 5, 81. 

Smith, M. J. H. (1954). Biochem. J. 57, vii. 

Smith, M. J. H. & Irving, J. D. (1955). Brit. J. Radiol., N.S., 
28, 39. 

Smith, P. K. (1949). J. Pharmacol. 95, 353. 

Trinder, P. (1954). Biochem. J. 57, 301. 


A Comparative Study of Cerebrospinal Fluid and Serum Proteins 
in Multiple Sclerosis with Special Reference to 
the Lange Colloidal-Gold Reaction 
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(Received 6 July 1955) 


Positive colloidal-gold reactions in the cerebro- 
spinal fluid of patients with multiple sclerosis have 
been reported as occurring in 29-81% of fluids 
examined by various investigators (Freedman & 
Merritt, 1949). Coagulation of the colloidal gold 
has been shown to be associated with the y-globulin 
fraction (Kabat, Moore & Landow, 1942). The con- 
centration of y-globulin in cerebrospinal fluid was 
determined immunochemically by Yahr, Golden- 
sohn & Kabat (1954), who report an increase in 
66-5 % of the multiple-sclerosis cases studied. The 
mechanism of several flocculation tests, including 
the colloidal gold at pH 7-8 and 6-6, was studied by 
Maclagan & Bunn (1947), using normal and hepa- 
titis serum fractions; they found that albumin and 
a- and £-globulins protected the colloidal gold and 
that y-globulin brought about its coagulation. 

Serum diluted to 0-03% protein gives a very 
strongly positive colloidal-gold reaction (Press, 
1955), whereas a normal cerebrospinal fluid, 
having approximately the same eoncentration of 
albumin and globulins, gives a negative colloidal- 
gold reaction; this is suggestive of a qualitative 
difference between the protein fractions of cerebro- 
spinal fluid and serum. 

In the present study, the proteins of normal and 
pathological cerebrospinal fluids and normal sera 
have been compared both quantitatively and 
qualitatively. Cerebrospinal fluids and sera were 
analysed electrophoretically, and the percentage of 
y-globulin in the cerebrospinal fluids was compared 
with the type of the colloidal-gold reaction. 
Albumin and «-, B- and y-globulins have been 
isolated from sera and cerebrospinal fluid and the 
Institute for Medical 
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effect of these fractions on the collidal-gold reaction 
studied and their sedimentation constants deter- 
mined. 

Partial fractionations of cerebrospinal-fluid y- 
and f-globulins were performed in the ultracentri- 
fuge and the effect on the colloidal-gold reaction of 
the more slowly sedimenting fraction was examined. 
The chemical nature of this ‘slow’ component from 
both f- and y-globulin was determined. Cerebro- 
spinal-fluid y-globulin was also fractionated with 
18% sodium sulphate, and the sedimentation 
constant of the fractions and their effect on the 
colloidal-gold reaction were determined. 


EXPERIMENTAL 


Materials 


Veronal buffer 1. This buffer (pH 8-6, J =0-1), which was 
used for micro-electrophoresis, contained 0-1mM sodium 
veronal and 0-02 veronal. 

Veronal buffer 2. This buffer (pH 8-6, J =0-0375), which 
was used for continuous paper electrophoresis, contained 
0-0375M sodium veronal and 0-0075M veronal. 

Phosphate buffer 1. This buffer (pH 7-4) was made by 
mixing 48 ml. of KH,PO, (0-067M) and 202 ml. of Na,HPO, 
(0-067 M). 

Phosphate buffer 2. This buffer (I = 0-2, pH 7-45) contained 
0-0142m-Na,HPO,, 0-0025M-KH,PO, and 0-1M-NaCl. 

Sodium sulphate (27%, w/v) in phosphate buffer pH 7-8. 
For this solution 270g. of anhydrous Na,SO,, 6g. of 
K,HPO, and 0-488 g. of KH,PO, were made up to 11. 
at 37°. 

Dextran. Initially, a supply of 20% Dextran was avail- 
able, approximate molecular weight 40000 (kindly supplied 
by Dextran Co. Ltd.), but latterly Dextran was prepared by 
dialysing Intradex (a 6% w/v solution of Dextran in 
0-9% NaCl) in cellophan tubing against daily changes of 
distilled water for 5 days and freeze-drying. 
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Cerebrospinal fluid (c.s.f.). Samples (20-30 ml.) were 
withdrawn by lumbar puncture and replaced by sterile 
normal saline. C.s.f. was stored at 5° and thiomersal 
(sodium ethylmercurithiosalicylate) or toluene was used as 
preservative, but toluene was preferred because it had no 
effect on the colloidal-Au reaction, whereas thiomersal 
inhibited coagulation. 

Solvents for chromatography. (1) Butanol-acetic acid was 
made from 60 ml. of n-butanol, 15 ml. of glacial acetic acid 
and 25 ml. of water. 

(2) Aqueous phenol consisted of 80% (w/v) phenol in 
water (200 ml.) to which 1 ml. of 0-880 NH, soln. was added 
before use. 

Stabilized citrate colloidal-Au sol. The colloidal-Au sol was 
prepared as described by Lange & Harris (1948). The 
turbidity, which falls during the first few hours after pre- 
paration, was standardized by comparison with a solution 
of CoCl,,6H,O (20%, w/v, in 1%, v/v, HCl). The cobalt 
chloride solution gave a reading of 23 in an EEL portable 
colorimeter (Evans Electroselenium Ltd.), with a filter of 
maximum transmission of 7000 A. The Au sol, which usually 
gave a reading of 20-25 when first prepared, was allowed to 
stand until the reading was between 14 and 16; it was then 
stabilized by adjusting the pH to 6-8 with 1% (w/v) Na,CO,, 
as described by Lange & Harris (1948). The colloidal Au was 
stored in the dark at room temperature and was stable for 
a month. 


Methods 


Concentration and electrophoresis of c.s.f. Approximately 
10-20 ml. of c.s.f. was concentrated to 0-5 ml. by dialysis in 
cellophan tubing against a 20-30% solution of Dextran in 
veronal buffer 1, and then dialysed against this buffer for 
2 days at 5°. Electrophoresis was performed in an Antweiler 
micro-apparatus, as described by Geissen, Schuler & 
Schuster (1950) at protein concentration 1-2% for 20 min. 
with a current of 1-8 ma and potential difference of 80-90v. 
This method of concentrating c.s.f. was considered satis- 
factory, since serum diluted to 0-03%, and concentrated 
and dialysed as above, had the same electrophoretic pattern 
as the original serum, and duplicate analyses on the same 
c.s.f. were in agreement. Also a sample of c.s.f. concentrated 
and rediluted had the same colloidal-Au reaction as the 
original fluid. 

Total protein in c.s.f. This was determined by the sulpho- 
salicylic acid turbidimetric method (Kingsbury, Clark, 
Williams & Post, 1926.) : 

Electrophoretic analysis of serum. Serum was dialysed 
against veronal buffer 1 in micro-dialysis buckets, described 
by Geissen et al. (1950), for 2 hr. and diluted to 1-2% pro- 
tein with veronal buffer and analysed electrophoretically in 
the micro apparatus described above. 

Isclation of protein fractions from c.s.f. and serum. A 
continuous paper electrophoresis apparatus was used 
(Durrum, 1951; Hobart & Rose, 1955), with veronal buffer 
2, Whatman 3 mm. paper and a voltage of 400. Serum or 
c.s.f. in veronal buffer 2 was applied at the top of the sheet of 
filter paper 8 cm. from the negative side, by means of a wick 
of filter paper 1-5 mm. wide. Only 10-20 ml. of ¢.s.f. was 
obtained from each patient; therefore samples of c.s.f. 
having similar colloidal-Au reactions were bulked and con- 
centrated to yield 1-2 ml. of protein solution 1-2%. So 
that the comparisons between serum and c.s.f. fractions 
should be valid, the serum was diluted 50-100 times and 
concentrated with Dextran, as for the c.s.f. 
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The protein fractions were collected from fourteen drip 
points at the bottom of the paper. The distribution of the 
fractions was determined by drying the paper at 100° and 
staining with azocarmine solution. The albumin, «-, B- and 
y-globulin fractions were concentrated by dialysis against 
Dextran and dialysed against veronal buffer 1, and the 
purity of each fraction was established by electrophoresis in 
the micro apparatus described above. The protein fractions 
were then dialysed against phosphate buffer 2 and the con- 
centration of protein was determined by the ultraviolet 
absorption of the solutions. 

Determination of protein concentration by ultraviolet 
absorption. The absorption at 27704 of protein fractions in 
phosphate buffer 2, pH 7-45, was determined in a Hilger 
Uvispek photoelectric spectrophotometer H'700/302 in 
1 mm. silica cells, at suitable dilution to give an optical 
density of between 0-1 and 1-0. To correct for light absorp- 
tion due to haze of the solution (Beaven & Holiday, 1952) the 
optical density at 3200 and 36004 was read, and a line 
through these points projected back to 2770 to serve as a 
base-line. The ultraviolet absorption was referred to protein 
concentration calculated on the usual convention of 16% of 
nitrogen in all the protein fractions, and the conversion 
factors were determined on pure fractions from c.s.f. and 
serum, prepared by the method of continuous paper 
electrophoresis described above (Table 1). Protein nitrogen 
was determined by the micro-Kjeldahl method of Ma & 
Zuazaga (1942) with the distillation apparatus described by 
Markham (1942). 

Colloidal-Au test. The method of Mellanby & Anwyl- 
Davies (1923) was used for the results reported in Tables 2 
and 3, this test being carried out regularly in the Bland 
Sutton Institute, Middlesex Hospital Medical School. 

For the comparisons of the effects of various protein 
fractions on the colloidal-Au test, the qualitative method of 
Lange, Miller & Harris (1950), using the stabilized citrate 
colloidal-gold sol, was used by the author. Serial dilutions 
of the c.s.f. were performed with phosphate buffer 1, as 
described by Lange (1939), and the series read after 6 hr., the 
degree of coagulation being represented by numbers 0-5. 
The degree of coagulation is judged subjectively by the 
colour of the supernatant, which varies from pink when no 
coagulation occurs (0), through shades of pinky mauve (1), 
mauve (2), blue (3), blue-grey (4) to colourless when coagula- 
tion is complete (5). For normal c.s.f. the reading is 
0001110000. A control solution was used, consisting of 
normal sera diluted 1: 100 with 50% aqueous glycerol, the 
reading for this solution being 2355543211. 


Relationship between ultraviolet absorption 
at 27704 and protein concentration 


Table 1. 


Protein 
concen. cale. 
Ey om, at from total N Conversion 


Protein 27704 ~— (g./100 ml.) factor 
Serum albumin 2-7 0-49 0-181 
C.s.f. albumin 3:3 0-65 0-191 
Serum «-globulin 4-6 0-38 0-083 
C.s.f. «-globulin 2-6 0-23 0-089 
Serum f-globulin 2-7 0-21 0-078 
C.s.f. B-globulin 3-0 0-25 0-083 
Serum y-globulin 10-4 0-79 0-076 
C.s.f. y-globulin 4-9 0-37 0-076 
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Table 2. y-Globulin concentration in cerebrospinal fluid and serum in cases of multiple sclerosis 
Cerebrospinal fluid Serum 
C “ =_— ae ar ae aa ee 
y-Globulin as percentage y-Globulin as percentage 
of total protein of total protein 
No. of 7 ——___ No. of 4 
Type of patient cases Mean S.D. cases Mean S$.D. 
Negative Lange Au test; protein 18 17-7 2-4 15 17-1 2-9 
20-80 mg./100 ml. in ¢.s.f. 
Positive Lange Au test; protein 17 26-2 7:3 14 16-6 2-8 


20-140 mg./100 ml. in c.s.f. 
Effect of albumin, «-, B- and y-globulins on the colloidal-Au 
reaction. y-Globulin from c.s.f. and sera in phosphate buffer 
2 were added to normal c.s.f., and albumin, «- and p- 
globulins added to c.s.f. having positive colloidal-Au 
reaction, and the colloidal-Au test was carried out. Control 
experiments were always done by adding the same volume of 
buffer to the c.s.f., and all comparisons performed on the 
same day, with identical reagents. 

Uliracentrifuge studies. Sedimentation constants were 
determined for albumin, «-, 8- and y-globulins of c.s.f. and 
serum in the Spinco ultracentrifuge, by the technique 
described by Charlwood (1952a, b). Four photographs were 
taken at 16 min. intervals and sedimentation constants, in 
Svedberg units corrected to water at 20°, calculated from the 
following formula, in which x is the distance of the sedi- 
menting boundary from the centre of rotation, ¢ is the time 
and w is the angular velocity : 


g Alog, x 
~ Ate? * 


The value for partial specific volume, V, used in the temper- 
ature correction for all fractions was 0-735, since even 
though the true value of V may differ considerably from this 
value, the magnitude of the temperature correction is little 
affected. 

Fractionation of B- and y-globulin in the ultracentrifuge. 
The slower component of these c.s.f. fractions was separated 
from the faster one in the partition cell of the ultracentrifuge. 
This cellis similar to that used for analytical experiments but 
the centre-piece is divided into two sections by means of a 
perforated partition of Dural, held in place and supported 
by slots in the walls of the sector, approximately two-thirds 
down the cell. Supported by and adjacent to the partition 
is a section of filter paper, Whatman no. 50 (Fig. 1). The 
sedimentation boundaries were observed on the screen and 
centrifuging was terminated 20 min. after the faster-moving 
component had reached the partition. The solution in the 
upper part of the cell was removed and its effect on the 
colloidal Au determined by adding to a c.s.f. having a 
positive colloidal-Au reaction. Control experiments were 
performed with serum fractions prepared in the same way, 
but no protein was detected in the upper part of the cell. 

Fractionation of c.s.f. and serum y-globulin with 18% 
sodium sulphate. Sodium sulphate (27%) in phosphate 
buffer (2 vol.) was added to 1 vol. of y-globulin in phosphate 
buffer 2 at 37°, and left overnight at this temperature and 
then centrifuged at approximately 3000 rev./min. The 
supernatant solution was dialysed against saline and con- 
centrated with Dextran solution, and finally dialysed against 
phosphate buffer 2. The precipitate was dissolved in phos- 
phate buffer 2 and dialysed against the same buffer. Sedi- 
mentation constants of the supernatant solution and pre- 
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Filter paper 






Dural 
partition 


Fig. 1. Centre-piece of partition cell 
of Spinco ultracentrifuge. 





cipitate were determined. The effect of these fractions on the 
colloidal Au was studied by adding to a e.s.f. having a 
positive colloidal-Au reaction and carrying out the colloidal- 
Au test on the resulting solutions. 

Chromatographic and phosphorus analysis of c.s.f. fractions. 
The chemical nature of the ‘slow’ components in f- and 
y-globulins was investigated. Approximately 200g. of 
material in 5-7 N-HCl in a sealed tube was heated to 100° for 
16 hr. Two-way chromatography, by the ascending method, 
was performed on 10 in. x 10 in. Whatman no. 1 paper, in 
butanol-acetic acid and aqueous phenol, and amino acids 
were located by colouring with ninhydrin. The carbohydrate 
content of the components was determined by the chromato- 
graphic method of Partridge (1949), after hydrolysis in 
0-5N-HCl for 4 hr. at 100°. Phosphorus analysis was 
performed by a modification of the method of Martland & 
Robison (1926). 


RESULTS 


Electrophoretic analysis of serum and c.s.f. and the 
relation between the colloidal-gold test and per- 
centage of y-globulin in the c.s.f. 


The mean concentrations and standard deviations 
found for serum and c.s.f. y-globulin are given in 
Table 2. The results have been divided into two 
groups, according to the type of colloidal-gold 
reaction in the c.s.f. The mean concentrations of 
serum y-globulin in the two groups are not signifi- 
cantly different (P=0-5), but the difference 
between the mean values of the c.s.f. y-globulin is 
highly significant (P <0-001), thus showing strong 
correlation with the colloidal-gold reaction. The 
Bioch. 1956, 63 
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Table 3. 





Type of patient 
Negative Lange colloidal-Au reaction 
Positive Lange colloidal-Au reaction 


Table 4. Effect on the colloidal-gold reaction of 
adding y-globulin to a normal c.s.f. 


For an explanation of the figures relating to the colloidal- 
Au reaction here and in Tables 5 and 6, see text. 


Colloidal-Au 
reaction 


Source of 


y-Globulin added 
y-globulin 


(mg./100 mi. c.s.f.) 


None —— 0001111000 

16 Normal serum 0134433221 

16 C.s.f. having negative 0001232211 
colloidal-Au reaction 

16 C.s.f. having positive 0012333211 


colloidal-Au reaction 


Table 5. Effect on the colloidal-gold reaction of 
adding serum and c.s.f. a-globulin to a c.s.f. 
having a positive colloidal-gold reaction 


Amount of 
a-globulin added 


Seurce of 


«-globulin Colloidal-Au 


added (mg./100 ml. c.s.f.) reaction 
None 5555432211 

C.s.f. a 1234332110 

Serum 12 1234432110 


mean concentration of albumin, «- and f-globulins 
(Table 3) do not differ sufficiently to account for 
the colloidal-gold reactions. 

Effect of albumin and globulin fractions on the 
colloidal-gold test. The coagulating effect of y- 
globulin derived from serum and c.s.f. on the 
colloidal-gold sol is given in Table 4. Albumin and 
a- and B-globulins from normal serum were found 
to protect the colloidal gold and, as found by 


Maclagan & Bunn (1947), the protective power of 


a- and £-globulins was ten times that of albumin. 
Albumin and f-globulins from both normal and 
pathological c.s.f. had the same quantitative effect 
on the colloidal-gold test as the serum fractions. 
C.s.f. a-globulin, however, was twice as effective 
in protecting the colloidal gold as was serum 
x-globulin (Table 5), but no difference was found 
from c.s.f. having 


between «-globulins derived 


positive and negative colloidal-gold reactions. 


Ultracentrifuge studies 
C.s.f. y-globulin contained a slow component, 
‘S’, in addition to the normal serum y-globulin 
component of S=6-5 (Fig. 2). The sedimentation 


constant of component ‘S’ could not be calculated 


accurately, because of its low concentration, but it 
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Mean concentrations of albumin and «- and B-globulins in c.s.f. having negative 
and positive colloidal-gold reactions 


Albumin as a- and B-Globulin 


No. of percentage of as percentage of 
cases total protein total protein 
18 61-8 20-5 
17 56-7 17-1 





Fig. 2. Ultracentrifuge pattern of y-globulin in phosphate 
buffer 2. Sedimentation is from left to right. (A) Serum 
y-globulin (0-21%), after 20 min. at top speed. (B) y- 
Globulin (0-18%), prepared from c.s.f. with negative 
colloidal-gold reaction, after 26min. at top speed. 
(C) y-Globulin (0-30 %), prepared from c.s.f. with positive 
colloidal-gold reaction, after 20 min. at top speed. 





Fig. 3. Ultracentrifuge pattern of B-globulin in phosphate 
buffer 2. Sedimentation from left to right. (A) Serum 
B-globulin (0-50%), after 49 min. at top speed. (B) C.s.f. 
B-globulin (0-25 %), after 54 min. at top speed. 


was of the order of 2-0 Svedberg units. This com- 
ponent was present in all preparations of c.s.f. 
y-globulin, but the relative concentration varied, 
being greatest in y-globulin derived from normal 
c.s.f. It was not detected in serum y-globulin. 
C.s.f. B-globulin also had a slow-moving com- 
ponent, S=2-1, which could not be detected in 
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serum f-globulin (Fig. 3). The concentration of this 
component, relative to the normal component, 
S=5-1, was approximately the same in all the 
c.s.f. B-globulin preparations. Serum «-globulin 
separated into four components (Fig. 4). The sedi- 
mentation constant of the first component was 
17-1; the concentration of the second component 
was too low to permit calculation. The other two 
components had sedimentation constants of 7-5 
and 2-8. C.s.f. «-globulin sedimented as one broad 
peak (Fig. 4) probably representing several very 
similar components of average sedimentation 
constant 2-9. This difference between c.s.f. and 
serum «-globulin is not due to the difference in 
protein concentration, since four components are 
detectable even at 0-15%. No difference was 
detected in the sedimentation behaviour of albumin 
derived from c.s.f. and from serum. 

Slow component of B- and y-globulin, as separated 
in the ultracentrifuge. This component was found to 
protect the colloidal-gold sol (Table 6). Chromato- 
graphic analysis indicated that the same amino 
acids were present as in serum y-globulin, and that 
the carbohydrate content was less than 4%. 
Phosphorus analysis of the trichloroacetic acid 
precipitate showed that less than 0-5 % was present. 
It is assumed therefore that component ‘S’ is a 
protein. 





Fig. 4. Ultracentrifuge pattern of «-globulin in phosphate 
buffer 2. Sedimentation from left to right. (A) Serum 
«-globulin (0-29 %), after 19 min. at top speed. (B) C.s.f. 
a-globulin (0-14%), after 21 min. at top speed. 


Table 6. Effect on the colloidal-gold reaction of 
adding component ‘S’ of B- and y-globulin, 
separated in the ultracentrifuge, to a c.s.f. having 
a positive colloidal-gold reaction 


Amount of protein 


fraction added Colloidal-Au 


Nature of protein 


fraction added (mg./100 ml. c.s.f.) reaction 
None — 5554322100 
B-Component ‘S’ 10-5 0112222100 
None — 3333221100 
y-Component ‘S’ 3-0 2222211000 
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Fractionation of y-globulin with 
18 % (w/v) sodium sulphate 


In the presence of 18% (w/v) sodium sulphate, 
95% of serum y-globulin was precipitated, but 
only 75-85% of e.s.f. y-globulin. The fraction 
which was soluble in 18% sodium sulphate was 
found to have a protective effect on the colloidal 
gold and had a sedimentation constant of the same 
order as component ‘S’. The fraction insoluble in 
sodium sulphate coagulated the gold sol and had a 
sedimentation constant of 6-8. The protein nature 
of these fractions was established by chromato- 
graphy. 

DISCUSSION 


The components in c.s.f. responsible for the 
colloidal-gold reaction were shown to be non- 
dialysable, by comparing the colloidal-gold test on 
a c.s.f. which had been dialysed against phosphate 
buffer 1, with the original c.s.f. This non-dialysable 
material is a mixture of proteins having the electro- 
phoretic mobilities of albumin, «-, B- and y- 
globulins. 

The difference in the colloidal-gold reaction on 
diluted serum and normal c.s.f. is due, in part, to 
a difference in the «-globulin and also to the 
presence of the slow component ‘S’ found in the 
y-globulin fraction of c.s.f., which protects the 
colloidal gold. 

The coagulating power of serum and c.s.f. y- 
globulins on the colloidal-gold sol (Table 4) 
depends on the varying proportions of component 
‘S’ in these preparations (Fig. 2), and the difference 
between c.s.f. having positive and negative 
colloidal-gold reactions is due to a difference in the 
concentration of the y-globulin component with 
S=6:-5, relative to component ‘S’. The fraction of 
e.s.f. y-globulin soluble in 18% sodium sulphate is 
probably identical with component ‘S’. The slow 
component of c.s.f. B-globulin may be the same 
protein: its sedimentation constant is of the same 
order. 

Although the mean concentration of y-globulin 
in c.s.f. having positive colloidal-gold reactions was 
significantly increased, the serum y-globulin con- 
centration was not raised. This has been noted by 
other workers (Field, 1954; Kabat, Freedman, 
Murray & Knaub, 1950), who assumed that the 
increased y-globulin is produced in the central 
nervous system, since the concentrations of the 
other protein fractions in the c.s.f. are not similarly 
raised. However, the increased y-globulin could be 
derived from the blood, if there is an increased 
selective permeability to y-globulin. Instances of 
selective permeability to a particular protein are 
known in the case of certain antibodies, e.g. it has 
been shown that antibody protein passes from the 
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blood to the milk in the rabbit and into colostrum 
in the goat without degradation and resynthesis, 
whereas other plasma proteins are not found in the 
milk (Askonas, Campbell, Humphrey & Work, 
1954). In an attempt to discover whether the 
increase in ¢.s.f. y-globulin is due to its production 
in the central nervous system, the antistreptolysin 
0 titre (A.S.O.) in the sera and c.s.f. of twelve 
multiple sclerosis cases was determined. In 75% 
of the samples of c.s.f. the titre was 0-2—0-4 unit 
and in 25 % it was less than 0-2 unit. Lu all cases it 
was only a tenth to a half of the expected titre, 
calculated from the ratio of the y-globulin concen- 
trations in serum and c.s.f. However, there was no 
correlation between the A.S.O. titre and the con- 
centration of y-globulin in the c.s.f., which supports, 
but does not prove, the theory that y-globulin is 
produced in the central nervous system. 


SUMMARY 


1. The concentration of y-globulin in the cere- 
brospinal fluid (c.s.f.) showed strong correlation 
with the Lange colloidal-gold reaction. In those 
eases where c.s.f. y-globulin concentration is in- 
creased, the concentration in the serum is normal, 
but it whether the increased y- 
globulin in the c.s.f. originates from the blood, by 
increased selective permeability of the blood/c.s.f. 
whether y-globulin is 
produced in the central nervous system. 

2. Albumin, «- and £-globulins from serum and 
c.s.f. inhibit coagulation of the colloidal-gold sol 
and y-globulin coagulates the sol. 

3. C.s.f. proteins are similar to serum proteins, 
except that the more rapidly sedimenting com- 
ponents of serum a-globulin are not detected in the 


is not known 


barrier to y-globulin, or 


c.s.f.; also, ¢.s.f. «-globulin inhibits coagulation of 


the colloidal-gold sol more than does serum «- 
globulin. An additional protein is found in the 
c.s.f. in the B- and y-globulin fractions, component 
‘S’, which has a very low sedimentation constant 
and inhibits the colloidal-gold reaction. This com- 
ponent, together with the difference in the «- 
globulins, is responsible for the difference between 
the colloidal-gold reaction of normal ¢.s.f. and that 
of diluted serum. 

4. The proportion of component ‘S’ in the c.s.f. 
y-globulin is greater in normal e.s.f. than in e.s.f. 


The 


reaction. 


having a positive colloidal-gold 
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positive colloidal-gold reaction, given by c.s.f. from 
some multiple sclerosis patients, is due to the 
increased concentration of the y-globulin com- 
ponent with sedimentation constant S=6-5, 
relative to component ‘S’. 

5. Component ‘S’ is a protein and is not pre- 
cipitated by 18 % sodium sulphate. 


The author wishes to thank Dr D. McAlpine, who supplied 
ail the samples of c.s.f. and sera, and Professor Sir Charles 
Dodds for their interest and encouragement. Thanks are also 
due to the Bland Sutton Institute for making available the 
results on the Lange colloidal-gold test on the c.s.f. and to 
Dr S. T. H. H. Pilbeam for the A.S.O. determinations. 
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The Lipids of Fish 
8. THE TRIGLYCERIDES AND CHOLESTEROL ESTERS OF HADDOCK FLESH* 


By J. A. LOVERN 
Department of Scientific and Industrial Research, Food Investigation Organization, 
Torry Research Station, Aberdeen 


(Received 5 December 1955) 


Triglycerides and cholesterol esters are minor com- 
ponents of the total lipid mixture of haddock flesh, 
and are almost completely extracted by acetone 
(Olley & Lovern, 1954). Only two processes for the 
effective separation of these lipids from each other 
have been reported, namely selective enzymic 
hydrolysis of the glycerides (Kelsey, 1939) and 
chromatography on silicic acid (Borgstrém, 1952; 
Fillerup & Mead, 1953; Mead & Fillerup, 1954). 
Although cholesterol esters can be recovered from 
a mixture with triglycerides by chromatography 
on alumina, the triglycerides cannot be recovered 
quantitatively (Borgstrém, 1952). Other workers 
with alumina (Clément, Clément-Champougny & 
Louedec, 1954) have been predominantly interested 
in the cholesterol esters and have not attempted to 
recover the more strongly adsorbed triglycerides. 
Clément et al. (1954) found Kelsey’s (1939) pro- 
cedure unsatisfactory, in that hydrolysis of the 
glycerides was always far from complete. This 
agrees with other work on the enzymic hydrolysis 
of triglycerides in vitro (e.g. Desnuelles, Naudet & 
Rouzier, 1948; Mattson & Beck, 1955). 

In the present studies the cholesterol esters and 
triglycerides contained in an acetone extract of 
haddock flesh were separated by chromatography 
on silica gel, and the respective fatty acid com- 
positions determined. 


EXPERIMENTAL 


The raw material was that portion of the acetone extract 
(Lovern, 1953) of haddock flesh which would contain all of 
the cholesterol esters and triglycerides, but virtually no 
phospholipids. The crude acetone extracts were in each case 
purified by re-extraction with light petroleum (b.p. 40-60°) 
and the washing procedure of Folch, Ascoli, Lees, Meath & 
LeBaron (1951). They were further freed from much phos- 
pholipid by acetone precipitation, and from the remaining 
phospholipid by countercurrent distribution (Lovern & 
Olley, 1953a) between ethanol—water (85: 15, v/v) and light 
petroleum (b.p. 40-60°). The total phospholipid-free 
material from this countercurrent separation, i.e. all 
material accumulating in the fractions distributed more 
towards the light petroleum end of the sequence than the 


* Part 7: Olley (1956). 


point at which phosphorus and choline contents became 
negligible (Lovern & Olley, 1953a), was combined and 
washed in ethereal solution with aqueous Na,CO, to remove 
free fatty acids and any complex acidic lipids present 
(Olley & Lovern, 1954). The weight of lipid finally available 
was 67 g., representing a total of 87 kg. (wet wt.) of haddock 
flesh. In addition to cholesterol esters and triglycerides, it 
would contain free cholesterol, waxes, hydrocarbons and 
possibly still other classes of compound (Lovern & Olley, 
1953a). 

A considerable proportion (15 g.) of the free cholesterol 
was removed by dissolving the lipids in a minimal amount of 
warm (approx. 60°) ethyl acetate and cooling to room 
temperature. Cholesterol is the least soluble of the lipids 
present. After filtration and washing with ethyl acetate 
until quite colourless, analysis showed that the crystalline 
product was entirely free cholesterol. Additional free 
cholesterol was removed by virtue of its greater solubility 
than the other major lipid components in cold ethanol. The 
lipid mixture was dissolved in about 10 vol. of boiling 
ethanol. Cooling to room temperature gave an emulsion 
which, on centrifuging, formed two liquid phases. The upper 
one, composed largely of ethanol, was evaporated to dryness 
and the residue crystallized from ethyl acetate as before, 
yielding 9 g. of free cholesterol (analytically verified). The 
residue from this crystallization was combined with the 
lower phase obtained from the ethanol emulsion (total lipid 
43 g.). 

A portion of this material was analysed for combined 
fatty acids, combined glycerol, free and esterified cholesterol 
and total unsaponifiable matter. The last was then largely 
freed from cholesterol, by crystallization from ethyl acetate 
as above, and the residue acetylated to permit calculation 
of the approximate proportions of higher aliphatic alcohols 
and non-alcoholic (hydrocarbon?) compounds respectively, 
assuming the acetates of the alcohols to have a mean 
saponification equivalent of 300. The analytical methods 
used were as described in previous papers (e.g. Lovern & 
Olley, 19534), except for free and total cholesterol, which 
were determined by the method of Zlatkis, Zak & Boyle 
(1953). This had been tested satisfactorily on cholesterol and 
cholesteryl acetate, and on a range of possible contaminants. 
However, it was found later, on examination of chromato- 
graphic fractions, that this method was unreliable for some 
of them, where unsaponifiable material could give an 
apparent cholesterol value considerably in excess of 100%. 
Tests on such fractions by the method used previously 
(Lovern & Olley, 1953) gave much lower and more probable 
values, and the method of Zlatkis et al. (1953) was aban- 
doned. The chromogenic contaminants were also at least 
partially precipitable with digitonin, by the rapid AICI, 
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method of Brown, Zlatkis, Zak & Boyle (1954), which was 
likewise abandoned in favour of the earlier procedure 
(Lovern & Olley, 1953). 

The analytical data obtained were: fatty acids 53-3, 
glycerol 4-1, free cholesterol 16-8, esterified cholesterol 19-2, 
total unsaponifiable matter 42-6%. The partly purified un- 
saponifiable matter contained 55-4 % cholesterol and, after 
acetylation, had a saponification equivalent of 498. This 
requires an equivalent of 588 for the acetate of the non- 
cholesterol components. From these values the approximate 
percentage composition of the starting material was calcu- 
lated to be: triglycerides 40, cholesterol esters 33, free 
cholesterol 17, waxes and higher aliphatic alcohols 5, 
hydrocarbons 3, non-lipids (by difference) 2. 


Chromatography 


The column, measuring 40 cm. x 6 cm., was composed of 
approx. 600 g. of a mixture of 2 parts of silica gel (B.D.H. 
‘For chromatographic adsorption’) and one part of 
Hyfio Super-Cel (Johns Manville, London, 8.W. 1). Before 
use this mixture had been washed with 0-5N-HCl, followed 
by water until neutral, and was then activated for 24 hr. at 
120°. An atmosphere of N, was maintained permanently in 
the entire chromatographic assembly (ef. Riemenschneider, 
Herb & Nichols, 1949). The adsorbed oxygen film on the 
column was removed with a solution of 13 g. of linoleic acid 
in 500 ml. of light petroleum (b.p. 40-60°), a procedure 
based on a suggestion of Professor T. P. Hilditch. Elution 
with 101. of ether and 51. of ether—methanol (95:5, v/v) 
removed both unchanged linoleic acid and its oxidation 
products. The column was used repeatedly in all the follow- 
ing separations, being washed with light petroleum after 
each run until all traces of other solvents had been removed. 
It was kept permanently covered with solvent. All solvents 
were dry and de-aerated. 

The lipid (41 g.) was chromatographed in three equal 
batches, in successive runs [cf. Borgstré6m (1952) who used 
1 g. of adsorbent/30 mg. of lipid]. Each batch was added to 
the column dissolved in 500 ml. of light petroleum (b.p. 
40-60°). The eluting solvents in the first run were light 
petroleum, light petroleum—benzene (1:1, v/v), benzene and 
benzene—ether (1:1, v/v). In the second and third runs, the 
benzene-ether mixture contained only 5% ether (v/v) and 
was followed by pure ether to obtain complete elution of all 
lipid. Each eluant was used until it virtually ceased to 
bring any material off the column, and was collected in 
fractions of 11. In each case a final fraction, representing 
some 10 1. of solvent, was collected during the washing of the 
column with light petroleum ready for its re-use. The 
results of the three runs are shown in Fig. 1. 

The significance of certain features of Fig. 1 will be dis- 
cussed laters It is, however, immediately obvious that in 
spite of sharp separation of four main groups of product in 
each run, these cannot represent essentially pure sub- 
stances, since material contributing to one peak in one curve 
must be contributing to a different peak in another curve. 
However, corresponding peaks in the three runs showed 
considerable resemblance. Thus the first peak (light petro- 
leum) in each case ranged from a soft white wax to a pale- 
yellow liquid as elution continued, and gave only a trace 
reaction for cholesterol. The second peak (light petroleum— 
benzene) was in each case a pale-yellow, mobile liquid, 
which gave a strong reaction for cholesterol. The third peak 
(benzene) was similar to the second in appearance, but gave 


only a faint reaction for cholesterol. The fourth peak 
(benzene-ether) was predominantly solid, containing 
crystals of free cholesterol. The small final peak of the second 
and third runs (ether), together with the last two fractions 
of the first run, was a brown viscous oil (total, 2-7 g.), 
giving only a weak reaction for cholesterol. | 


From Borgstrém’s (1952) work it was considered that 
these peaks must represent concentrates of hydrocarbons, 
cholesterol esters, triglycerides and triglycerides plus free 
cholesterol, respectively, the final ether peak possibly repre- 
senting partially oxidized triglycerides. The material from 
the three runs was accordingly combined into five main 
fractions, the first four of which were rechromatographed. 

The same column was used, without any re-activation. 
The combined first peaks (fractions 1-7, 1-5 and 1-9 from 
the three respective runs, giving fraction A, 7-5 g.) were 
added to the column dissolved in 250 ml. of light petroleum. 
Elution, as before, was continued with each successive 
solvent until further elution appeared to be unprofitable. 
Fifty-nine fractions of 250 ml. (first fraction 500 ml.) were 
collected and the eluants employed were light petroleum 
(b.p. 40-60°), petroleum—benzene mixtures (95:5, 90:10, 
80:20, 60:40 by vol. successively), benzene and ether. The 
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Fig. 1. Chromatography of crude lipids on silica gel. Curves 
1-3 from successive batches of lipids. Elution data: 
batches 1-3 respectively; light petroleum (b.p. 40-60"), 
fractions 1-7, 1-7, 1-8; light petroleum—benzene (1:1, 
v/v), fractions 8-13, 8-11, 9-15; benzene, fractions 14-19, 
12-16, 16-20. Batch 1 only; benzene-ether (1:1, v/v), 
20-22. Batches 2 and 3; benzene-ether (95:5, v/v), 
17-22, 21-27; ether, 23-25, 28-30. Final fraction in each 
run from column washings. 
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final fraction, as usual, consisted of column washings with 
a large volume of light petroleum. The results are illustrated 
in Fig. 2. On the basis of adsorption, appearance and 
cholesterol reaction the fractions were pooled into A 1-13 
(3-3 g.), A 14-19 (2-0 g.), A 20-31 (1-6 g.), A 32-48 (0-2 g.), 
A 49-59 (0-4 g.). 

Fraction B (fractions 8-13, 6-10, 10-14 from the three 
successive runs, total 9-4g.) was rechromatographed 
similarly to fraction A except that one light petroleum-— 
benzene mixture (95:5, v/v) was omitted. Elution proved to 
be very slow and seventy-two fractions were collected, as 
shown in Fig. 3. These were pooled into B 1-4 (0-1 g.), 
B5-8 (0-7 g.), B9-21 (2-1g.), B 22-39 (1-5 g.), B 40-50 
(1-8 g:), B 51-58 (0-1 g.), B 59-67 (2-6 g.), B 68-72 (0-5 g.). 
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Fig. 2. Rechromatography of fraction A. Eluant (see text) 
changed at fractions 10, 22, 31, 37, 45, 50. Final fraction 
from column washings. 
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Fig. 3. Rechromatography of fraction B. Eluant (see 
text) changed at fractions 5, 40, 50, 57, 64. Final fraction 
from column washings. 
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Fraction C (fractions 14-19, 11-17, 15-21 from the three 
runs, total 8-2 g.) was rechromatographed, eluting succes- 
sively with light petroleum (b.p. 40-60°), light petroleum— 
ether (99:1, v/v) and light petroleum-ether (80:20, v/v). 
Twelve fractions of 500 ml. were collected, plus the usual 
final column-washing fraction, the details being shown in 
Fig. 4. The fractions were pooled into C1 (0-7 g.), C 2-5 
(0-5 g.), C 6-8 (6-8 g.), C 9-12 (0-2 g.) and C 13 (86 mg.). 

Fraction D (20, 18-22, 22-27 from the three runs, total 
9-0 g.; fraction 21 of the first run was unfortunately lost) 
was rechromatographed, eluting successively with light 
petroleum (b.p. 40-60°), light petroleum-ether mixtures 
(1, 2, 4, 8, 20, 50% ether, by vol.) and ether, with a final 
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Fig. 4. Rechromatography of fraction C. Eluant (see text) 
changed at fractions 5 and 11. Final fraction from column 


washings. 
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Fig. 5. Rechromatography of fraction D. Eluant (see text) 
changed at fractions 4, 7, 10, 15, 24, 42 and 48. Final 
fraction from column washings. 
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fraction from column washings. The separation into fifty- 
two fractions is shown in Fig. 5. Fractions were pooled into 
D 1-3 (0-4g.), D4-15 (0-1 g.), D 16-26 (1-8 g.), D 27-40 
(5-0 g.), D 41-46 (1-0 g.), D 47-52 (0-7 g.). 


Analysis 

All pooled fractions were analysed for cholesterol, total 
unsaponifiable matter, fatty acids and glycerol. Hydro- 
lysis involved refluxing for 8 hr. with 0-5N ethanolic KOH. 
The methods used for cholesterol and glycerol assay were as 
given by Lovern & Olley (1953a). When enough was avail- 
able the unsaponifiable matter was acetylated, the saponi- 
fication equivalent determined and, allowing for the 
cholesterol present, the equivalent of the non-sterol un- 
saponifiable matter calculated. On the basis of an average 
value of 300 for the acetates of higher aliphatic alcohols, the 
relative proportions of alcoholic and non-alcoholic (hydro- 
carbon?) material were calculated. An average mol.wt. of 
300 was assumed for the fatty acids and the approximate 
composition of each pooled fraction calculated by dividing 
the available fatty acids among the other constituents. 
Some fractions yielded water-soluble products of hydrolysis 
other than glycerol; this was assumed to represent non- 
lipid impurities. Non-sterol alcoholic compounds were 
calculated as free or esterified according to the availability 
of fatty acids after the requirements of cholesterol esters and 
triglycerides had been met. Cholesterol was assumed to be 
esterified in fractions A, B and C, and to be free in fractions 
D and E. This is in agreement with chromatographic be- 
haviour for A, B, D and E (Borgstrém, 1952; Garcia, 
Lovern & Olley, 1956) and with the appearance of the 
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fractions. For fraction C the assumption is more doubtful, 
but fraction C is poor in cholesterol. 

The analytical results are given in Table 1, and the calcu- 
lated compositions in Table 2. The latter were considered 
adequate as a basis for pooling fractions representing con- 
centrates of the cholesterol esters and triglycerides, re- 
spectively, but in view of the various assumptions enumer- 
ated above can only be regarded as approximations. The 
analytical results on fraction C 13 (86 mg.) were inadequate 
for even a rough calculation of composition. 

The percentage composition of the starting material, 
calculated from the results in Table 2 and the weights of the 
various fractions is: triglycerides 36, cholesterol esters 24, 
free cholesterol 10, waxes and higher aliphatic alcohols 12, 
hydrocarbons 15 and non-lipids 3. 

The fatty acids of fractions A 14-19, A 20-31, A 32-48, 
B 5-8, B 9-21, B 22-39, B 40-50 and B 51-58 were com- 
bined, representing some 92 % of the total cholesterol esters. 
Other fractions containing cholesterol esters were of too 
mixed a nature to be included. The fatty acids of fractions 
C 6-8, D 16-26, D 27-40, D 41-46, D 47-52 and E were 
likewise combined (Table 3, triglycerides 2), representing 
85% of the total triglycerides. The fatty acids of fraction 
B 59-67, representing 14% of the total triglycerides, were 
examined separately (Table 3, triglycerides 1), in view of 
their sharp chromatographic separation. Each group of 
acids was analysed by fractional distillation of the methyl 
esters (semi-micro procedure of Lovern, 1934), but the small 
quantities available (3-5, 10-5 and 1-8 g. respectively) mean 
that the results can only be regarded as rough approxima- 
tions. In the last sample no attempt was made to separate 


Table 1. Analytical data on pooled fractions 


All values except saponification equivalents are g./100 g. of lipid. A dash indicates no determination made. 


Fraction Fatty acids Cholesterol 
A 1-13 Trace Nil 
A 14-19 43-8 53-9 
A 20-31 43-1 59-4 
A 32-48 30-5 41-6 
A 49-59 19-3 13-2 
B 1-4 5-8 2-7 
B5-8 38-6 40-4 
B 9-21 44-4 43-3 
B 22-39 38-9 39-6 
B 40-50 39-1 44-4 
B 51-58 26-4 24-7 
B 59-67 76-5 5-0 
B 68-72 22-2 6-6 
Ci 13-0 8-5 
C 2-5 15-8 10-6 
C 6-8 82-5 1-7 
C 9-12 52-0 8-3 
C13 30-8 13-3 
D 1-3 1-8 Nil 
D 4-15 66-3 1-2 
D 16-26 71-9 59 
D 27-40 33:1 60-9 
D 41-46 61-6 9-0 
D 47-52 50-9 5-0 
E 43-2 8-0 


* By paper chromatography 








Saponification 
equiv. of 
Total acetylated 
unsaponifiable unsaponifiables Glycerol 

100 9000 — 
59-2 — — 
59-4 — — 
62-3 —_— Trace* 
68-0 877 Trace* 
78-0 1248 — 
55-4 466 — 
50-9 414 Nil* 
48-6 412 Nil* 
52-3 416 Nil* 
49-8 Nil* 
16-2 302 7-0 
60-1 610 Present* 
78-8 2644 Trace* 
53-9 629 Trace* 
12-1 303 7:7 
37:1 2-6 
64-8 — Present* 
92-2 3721 Trace* 
14-8 fi 6-07 
20-6 341 5-OF 
62-1 — 4:8 
25-9 376 6-3 
28-6 424 8-7 
45-4 805 5-4 


t+ Too low, because of volatilization during concentration. 
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Calculated approximate composition of pooled fractions 
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The composition is given as g. of component/100 g. fractions. A dash indicates not determined, but probably negligible. 





Waxes and 








Cholesterol Free higher Hydrocarbons 
Fraction esters cholesterol Triglycerides alcohols etc. Non-lipids 
A 1-13 Nil Nil — 3 97 Nil 
A 14-19 90 —- — 10 Nil 
A 20-31 100 -- -— Nil Nil Nil 
A 32-48 70 — — 21 9 
A 49-59 22 —_ —_ 28 37 13 
B 1-4 5 — — 23 56 16 
B5-8 70 = = 14 8 8 
B 9-21 75 a -— 18 -- 7 
B 22-39 69 = —_ 17 _— 14 
B 40-50 77 — — 12 — 11 
B 51-58 43 _ — 32 25 
B 59-67 9 —- 70 21 — Nil 
B 68-72 11 _— Present 45 25 19 
Cl 15 —_ 5 + 67 9 
C 2-5 18 — 5 6 40 3l 
C 6-8 3 — 77 20 — Nil 
C 9-12 14 26 44 7 9 
D 1-3 Nil Nil 2 7 85 6 
D 4-15 _ 1 74 14 — il 
D 16-26 — 6 80 14 -— Nil 
D 27-40 — 61 37 1 — 1 
D 41-46 _— 9 68 17 _ 6 
D 47-52 —_ 5 57 18 5 15 
E —_ 8 48 12 25 7 


Table 3. Composition of the fatty acids of certain lipids of haddock flesh 


Values are g./100 g. of total acids. Average unsaturation shown in parentheses, as lack of hydrogen atoms. 


Saturated acids 


Lipid Cy, C. 
Cholesterol esters — 8 
Triglycerides (1) 3 9 
Triglycerides (2) Trace 15 
Triglycerides (total) Trace 14 
Lecithins* — 18 


* Also contains 


9 0/ 
ose 


Unsaturated acids 





— —" 
Cis 16 Cys Coo ( ‘99 
6 — 20 29 37 
(3-4) (6-1) (7-8) 
+ 25 51 8 -— 
(>2 (4-0) (2) 
7 12 22 29 15 
(> 2) (4-0) (7-0) (10-8) 
7 14 26 26 13 t 
(> 2) (4-0) (7-0) (10-8) ’ 
7 14 35 24 a 
(4-2) (7-6) (10-8) ‘ 


of Cy) saturated acids. 


the acids into saturated and unsaturated fractions before 
methylation and distillation. Instead, the total acids were 
methylated and distilled, giving five fractions, in which the 
proportions and equivalents of saturated esters were sub- 
sequently determined by oxidative removal of the un- 
saturated components. With the acids of the cholesterol 
esters, the saturated fraction (0-4 g.) was too small for 
fractional distillation, and its composition had to be esti- 
mated directly from its analytical characteristics, involving 
assumptions that could not be checked, e.g. that palmitic 
and stearic were the only saturated acids present. 

The compositions of the three groups of fatty acids are 
given in Table 3, together with the values for the total 


triglyceride mixture. 


DISCUSSION 
Chromatographic separation 


The variability of silicic acid as an adsorbent has 
often been noted, e.g. by Borgstrém (1952). In the 
author’s laboratory extreme variation has been 
observed between a silicic acid of American origin 
the 
American product adsorbed lecithin more strongly 


and silica gel of British manufacture: e.g. 
than cholesterol or triglycerides, whereas silica gel 
(‘for chromatographic 
British firms, although a strong adsorbent for 


adsorption’) from two 








378 





cholesterol and triglycerides, failed to adsorb 
lecithin from light petroleum solution. It is there- 
fore desirable to specify the precise grade and 
source of silicic acid or silica gel. 

The three runs with the same raw 
indicate a certain amount of variability in the 
adsorbent after use, but no loss of adsorptive 
strength. Indeed, the progressive lowering of the 
first peak, and other evidence in Fig. 1 of some- 
what more difficult elution in the later runs, 
suggest that the adsorptive power increases with 


material 


use. 

The fact that none of the peaks, in spite of 
apparently good separation from each other, 
represents a pure class of lipid was suggested by 
this variation between runs in Fig. 1, and proved 
by rechromatography of the primary peaks. 
Fraction C is the most homogeneous, but all 
primary fractions contain, for instance, small 
proportions of easily eluted material, apparently 
largely hydrocarbons, which have previously 
escaped ready elution. Apparently some lipids can 
influence the adsorptive behaviour of other lipids, 
just as they can influence their solubility. 

Silica gel is capable of fractionating both 
cholesterol esters and triglycerides according to 
fatty acid composition. Thus the main cholesterol- 
ester fractions of Figs. 2 and 3 (see Table 2) were 
respectively: A 14-19, wax; A 20-31, softer wax; 
A 32-48, liquid; B 5-8, wax; B9-21, B 22-39, 
B 40-50, all liquids at room temperature. Similar 
progressive changes were evident in the fatty acids 
of these fractions, and of the principal triglyceride 
fractions. The more unsaturated compounds were 
the more strongly adsorbed. This is illustrated in 
more detail by the fatty acids of the triglycerides 
of fractions B 59-67 compared with those of 
the main triglyceride fractions eluted later (see 
below). The hydrocarbon fractions show a similar 
gradation of properties, e.g. fractions A 1-13 range 
progressively from a fairly hard white solid at 
room temperature through softer solids to liquids. 
This is another possible reason for the over- 
lapping of lipid types from one chromatographic 
peak to another. It is known that silicic acid 
fractionates free fatty acids or their methyl esters 
according to unsaturation (Claesson, 1946; Riemen- 
schneider et al. 1949; Lemon, 1949; Kurtz, 
1952). 

_ There was no difficulty in obtaining quantitative 

elution from the column, and no evidence of oxida- 
tion occurring on it. Fraction E probably repre- 
sented material already slightly oxidized before 
chromatography. Although its fatty acids were 
dark in colour, they behaved normally during 
methylation and distillation. Apart from fraction 
E all fractions were either colourless or very pale 


yellow. 
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Composition 


The composition of the total material, estimated 
by analysis before chromatography, shows certain 
differences from the composition determined from 
analyses on the various chromatographic fractions. 
While triglycerides and non-lipids show satis- 
factory agreement, both free and total cholesterol 
are higher before chromatography, at the expense 
of other unsaponifiable constituents (higher al- 
cohols and hydrocarbons). This is probably due to 
falsely high values for cholesterol in the first 
analysis, the other unsaponifiable matter being 
determined by difference. 

It is, of course, not certain that everything 
calculated as higher aliphatic alcohols really is 
such material. Some of it may be steroidal alco- 
holic material other than cholesterol, and inter- 
fering in one method of cholesterol assay, but not 
in the other. The same may be true of some of 
the so-called hydrocarbon, which is really non- 
acetylatable and, therefore, presumably non- 
alcoholic unsaponifiable matter. The main peak of 
such material (fractions A 1-13) was distilled 
under vacuum, and analyses of the fractions con- 
firmed that it was, indeed, almost entirely a range 
of hydrocarbons corresponding closely to those 
reported by Garcia et al. (1956). However, it can 
be seen from Table 2 that small proportions of 
‘hydrocarbons’ appeared in the last-eluted fractions 
of each run, and quite large amounts in fraction E. 
It is improbable that such material consists of 
normal aliphatic hydrocarbons. 

Garcia et al. (1956) reported that the hydro- 
carbons were probably largely contaminants de- 
rived from rubber. A chromatographic analysis of 
the total unsaponifiable matter from cod-flesh 
lipids, prepared with rigid exclusion of all contact 
with rubber, has since revealed that it does contain 
a very small proportion of hydrocarbons. The most 
readily eluted material was a soft wax at room 
temperature. It had an iodine value of 59; mean 
mol.wt. 312; C 85-96; H 12-69 %. (C, H and mol.wt. 
determinations by Weiler and Strauss, Oxford.) 
The amount was equivalent to about 0-2 % of the 
total lipids, compared to the 3-2 % of Garcia et al. 
(1956). The position with haddock is presumably 
similar. 

The supposed higher aliphatic alcohols were 
probably esterified in the more readily eluted 
fractions (A, B and C), since in most cases there 
was about an equivalent amount of fatty acid 
available after allowing for cholesterol esters and 
triglycerides. In fractions D and EL, however, there 
was little or no available fatty acid and the alco- 
hols were presumably free. By analogy with 
cholesterol, the alcohols would be expected to be 
less strongly adsorbed when esterified. 
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From Table 1 it can be seen that the most 
strongly adsorbed of the main glyceride fractions 
(D 47-52) had a glycerol: fatty acid ratio consider- 
ably higher than that for triglycerides (about 1:10 
for fatty acids of mean equivalent 300). In earlier 
work (Olley & Lovern, 1954; Garcia et al. 1956) 
evidence was found of the possible occurrence of 
traces of monoglycerides in haddock- and cod- 
flesh lipids. Monoglycerides, but not diglycerides, 
would have been removed by the countercurrent 
procedure from the lipids used in the present work 
(cf. Olley & Lovern, 1954). Diglycerides would be 
more strongly adsorbed than triglycerides (Kauf- 
mann, 1940; Borgstrém, 1954). There is, therefore, 
a suggestion that fractions D 47-52 contain a 
proportion of diglycerides. 

The fact that triglycerides exceeded cholesterol 
esters in the starting material was unexpected, in 
view of previous findings with both haddock 
(Lovern & Olley, 1953a) and cod (Garcia et al. 
1956). It suggests that the triglyceride content of 
the flesh of these species, although almost neg- 
ligible, may vary seasonally just as it does in the 
flesh of fatty species, such as herring, or in the 
main fat depot (liver) of haddock and cod. 


Fatty acids 

In Table 3 are given the fatty acid compositions 
of the cholesterol esters, triglycerides and total 
lecithins of haddock flesh. The latter value has 
been derived by appropriately weighted summation 
of the values for the various lecithin fractions 
(A, B, C1, C2 and P1-3) examined previously 
(Lovern & Olley, 1953a, b; Olley & Lovern, 1953). 

The cholesterel esters are unusual in that the 
proportions of homologous unsaturated-acid groups 
increase with chain length, instead of passing 
through a maximum. Since the longer-chain acids 
are also the more highly unsaturated, the effect is 
to increase the mean degree of unsaturation of the 
cholesterol-ester fatty acids over that which would 
result from a more normal group disposition. The 
effect is heightened by the unusually low proportion 
of saturated acids. Thus, although the individual 
groups (C,,, Cy) and C,,) are less highly unsaturated 
in the cholesterol esters than in the triglycerides, 
the respective iodine values of the total fatty acids, 
calculated from Table 3, would be 205 for the 
cholesterol esters and 183 for the triglycerides. 
Clément et al. (1954), who limited their examination 
to determination of the mean iodine value (I.v.), 
found that the fatty acids of their chromatographic- 
ally separated cholesterol esters of blood serum 
were more unsaturated (1.v. 130) than those of the 
accompanying triglycerides (I.v. 72), or even of the 
total phosphatides (1.v. 110). The lecithin of 


haddock flesh contains fatty acids of mean iodine 
value 227, calculated from Table 3. 


Kelsey & 
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Longenecker (1941) gave what appears to be the 
only previous detailed analysis of the fatty acids of 
cholesterol esters. In ox plasma they were far 
more unsaturated than those of the accompanying 
triglycerides. Although the selective enzymic 
hydrolysis used by Kelsey & Longenecker is open 
to criticism (see above), their cholesterol-ester 
fraction would have represented a crude concen- 
trate of these esters and the difference in un- 
saturation is very great. They found the tatty acid 
of the cholesterol esters to belong mainly to the 
Cy, series, and reported the phospholipid fatty acids 
to have a mean iodine value similar to that of the 
triglycerides. 

The triglyceride fatty acids differ from those of 
all the other haddock-flesh lipids studied (Olley & 
Lovern, 1953; Lovern & Olley, 19536) in contain- 
ing appreciable proportions of hexadecenoic acid. 
This is a characteristic component of the depot fat 
of fish and its virtual absence from the other lipids 
of haddock muscle was surprising. Haddock-flesh 
glycerides, however, have a fatty acid composition 
fairly similar to that of haddock-depot fat (Lovern, 
1932), the differences being a somewhat greater 
mean unsaturation of the homologous groups and 
more stearic acid in the flesh glycerides. 

The least strongly adsorbed triglycerides (frac- 
tion B 59-67; Table 3, triglycerides 1) show a 
remarkable reduction in the highly unsaturated 
acids (C,, and C,,) compared with the rest of the 
triglycerides. Indeed, considering the mixed 
nature of triglyceride fatty acid distribution, it is 
surprising that such a concentrate of C,, and C,, 
acids could be obtained. 

Each class of lipid appears to have its character- 
istic fatty acid composition. While the lecithins 
show little more mean unsaturation of any particu- 
lar homologous group than do the triglycerides, 
they possess far more Cy) and C,, acids, at the 
expense of C,, and C,, acids. The analyses in 
Table 3, in fact, show how uninformative the com- 
parison of mean iodine values alone can be. Of the 
other lipids of haddock flesh, ‘unidentified lipid A’ 
(cf. Garcia et al. 1956) appears to be outstanding in 
its high proportion of stearic acid (Olley & Lovern, 
1953), although only crude concentrates of this 
lipid were available for analysis. The analysis of 
the free fatty acids of haddock flesh (Lovern & 
Olley, 1953a) has since been found to be unreliable, 
due to the presence of unsaponifiable matter, some 
of which may have distilled with the esters rather 
than accumulated in the residue (Brenner, un- 
published work). 


SUMMARY 


1. An extract of haddock flesh was prepared 
which contained essentially all of the triglycerides 
and cholesterol esters, but none of the acidic lipids 
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or phospholipids. Other components were free 
cholesterol, waxes, aliphatic alcohols and hydro- 
carbons. 

2. This mixture was separated chromatographic- 
ally on silica gel, the primary fractions being 
rechromatographed. Hydrocarbons, cholesterol 
esters and triglycerides, which were fairly well 
separated from each other, all showed subfraction- 
ation according to unsaturation. Esterified higher 
aliphatic alcohols were separated from free 
alcohols. 

3. The fatty acids of the cholesterol esters were 
of an unusually high average unsaturation, owing 
mainly to a high content of C,) and C,,. unsaturated 
acids and, to a less extent, to a rather low content 
of saturated acids. 

4. The fatty acids of the triglycerides showed 
considerable resemblance to those of haddock- 
depot fat and, alone among the flesh lipids, 
contained a major proportion of hexadecenoic 
acid. 

5. A triglyceride fraction, less strongly ad- 
sorbed on silica gel than the bulk of the 
triglycerides, contained unsaturated fatty acids 
much enriched in C,, and C,, derivatives at the 
expense of more highly unsaturated Cy) and 
Cy. acids, and hence its mean unsaturation was 





much lower. 
6. Each class of lipid appears to have a charac- 


teristic fatty acid composition. 


The work described was carried out as part of the pro- 
gramme of the Food Investigation Organization of the 
Department of Scientific and Industrial Research. 


J. A. LOVERN 
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Amino Acids, Fruit Acids and Polyols of Myrobalans 


By D. E. HATHWAY 
The British Leather Manufacturers’ Research Association, Milton Park, Egham, Surrey 


(Received 25 October 1955) 


Myrobalans are the dried fruit of an Indian tree, 
Terminalia chebula Retz, and they are used 
extensively ‘for tanning. The ripe fruit is a hard 
vellow drupe, 3-5 cm. long, ovoid in shape, and 
containing a single seed, usually 2 cm. long and 
lem. in diameter. When dry the fruit becomes 
five-ribbed. 

There have recently been isolated from these 
dried fruit two crystalline ellagitannins, chebulagic 
acid (Schmidt & Nieswandt, 1950) and corilagin 
(Schmidt & Schmidt, 19526), the constitutions of 


which (Schmidt & Nieswandt, 1950; Schmidt, 
Schmidt & Herok, 1954; Schmidt, Blinn & 
Lademann, 1952; Schmidt & Schmidt, 1952a), 


together with that of a third tannin, chebulinic 
acid, have now been elucidated. Reference to two- 
dimensional chromatograms, Fig. 1 (ef. White, 
Kirby & Knowles, 1952), of the polyphenols and 
tannins in methanolic extracts of myrobalans 
(43-53% tannin, hide-powder test), specially 
collected in Ceylon and in the Bhimlipatam, 
Coimbatore, Jubbulpore and Kolhapur districts of 
India, showed that chebulagic and chebulinic acids 
and corilagin were major constituents, accom- 
panied by varying proportions of the following 
products of their complete and incomplete hydro- 
lysis: chebulic acid, 3:6-digalloylglucose, ellagic 
acid, gallic acid and £-glucogallin. Small quanti- 
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ties of chebulagic acid and corilagin were isolated 


by Schmidt’s methods, and ellagic acid was 
identified spectroscopically (Hathway, 1956). Other 
Terminalia species including 7’. bellirica, T'. citrina 
Roxb., 7’. pallida Brandis (25-35% tannin, hide- 
powder test) were examined, and a strictly similar 
pattern of polyphenols was found. 

As the major polyphenolic constituents have been 
accounted for and as there was no information 
relating to the amino acids, fruit acids and sugars 
of myrobalans, the present study was undertaken, 
particularly as this is the first Combretaceous plant 
to be investigated in this way. It should, however, 
be stated at the outset that as the present work was 
carried out with dried-plant material, some of the 
substances now detected may not occur free in the 
ripe fruit, but they may have arisen during drying 
from rapid chemical changes, owing principally to 
enzyme action. This limitation applies particularly 
to the sugars and possibly to the amino acids, but 
it may not apply with so much force when con- 
sidering the cyclohexane derivatives and tannins, 
which are of special interest to this project, 
although it cannot be altogether ignored in these 
cases. As Terminalia are copious producers of 
aromatic compounds, which are located in high 
concentration in the fruit, it was nevertheless 
considered possible that this investigation might 
reveal stable intermediates of aromatic biosyn- 
thesis. Fresh information concerning the identity 
of the non-volatile acids is relevant to tanning. 





Fig. 1. Two-dimensional chromatogram of the polyphenols 
and tannins of myrobalans. The material was applied in 
the position marked © and run first in 6% acetic acid 
containing 2% formic acid, followed by benzyl alcohol- 
tert.-butanol—-isopropanol—water (3:1:1:1, v/v) mixture 
containing 1-8% formic acid. Spots located by FeCl,— 
K,Fe(CN),: 1, chebulagie acid; 2, chebulinic acid; 
3, corilagin; 4, gallic acid; 5, ellagic acid; 6, chebulic 
acid; 7, 3:6-digalloylglucose; 8, B-glucogallin. 
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EXPERIMENTAL 


General. Evaporations were carried out in N, under 
reduced pressure, <35°. Micro-evaporations were effected 
(35°) in 1 ml. centrifuge tubes, when a regulated stream of 
N, was directed from an adjustable capillary on to the liquid 
surface. Paper chromatography was carried out at 23+ 2° 
in all-glass apparatus. Chromatograms were dried at room 
temperature, unless otherwise stated. A Hanovia mercury 
are fitted with a Wood’s-glass filter was used to examine 
chromatograms for fluorescent zones. 


Systematic separation of a 80% methanolic extract 
of myrobalans into fractions of chemically similar 
substances 


Whole myrobalans, from 7’. chebula Retz, grown in the 
Jubbulpore district of the Madhya Pradesh, were split open, 
the kernels removed, and the remaining tissue was pul- 
verized. A portion (20g.) of ground meal was percolated with 
80% (v/v) methanol (400 ml.) for 64 hr., when plant debris 
was removed by filtration through a sintered-glass funnel, 
pressed, and washed (5 x 50 ml.) with more 80% methanol. 
Partial evaporation of the combined filtrate and washings 
left a soln. (130 ml.), which was diluted to 300 ml. and con- 
tinuously extracted for 2 days with ethyl acetate at 50°/ 
100 mm. in a Schacherl apparatus. Residual ethyl acetate 
was removed from the aqueous phase, which was sub- 
sequently treated with a small excess of saturated lead 
acetate soln. (8 ml.). The supernatant was centrifuged off, 
and the sediment was emulsified with six successive amounts 
of 60 ml. of water; the supernatants were centrifuged off 
after each emulsification. Sugars could not be detected in 
the last supernatant when 1 ml. of soln. was treated with 
2 ml. of a 0-15% soln. of anthrone in H,SO,. Lead was 
removed from the combined supernatants by H,S treat- 
ment, and H.S was sucked from the filtrate at the pump. 

The resulting soln. (750 ml.) was percolated (40 ml./hr.) 
through a column (bed-volume, 20 ml.) of Zeo-Karb 225 
cation-exchange resin (1-95 mg. equiv./ml.) in the H* cycle, 
and the column was then washed free from acid and from 
sugar, as tested for by the anthrone reagent, with 60 ml. of 
water. The total eluate (850 ml.) was percolated (40 ml./hr.) 
through a column (bed-volume, 100 ml.) of De-Acidite G 
anion-exchange resin (1-5 mg. equiv./ml.) in the OH” 
cycle, and the column was then washed free from sugar with 
500 ml. of water. Evaporation of the eluate (pH 7) left a 
thin syrup, which was dried over P,O; at 20°/1 mm. for 
3 days. The neutral fraction (1-7 g.) constitutes 8-5% by wt. 
of undried myrobalans. 

The Zeo-Karb 225 column was eluted with 5n-NH, soln. 
Eluate (35 ml.) was collected before NH, ‘break through’, 
when the column was eluted with more 5N-NH, soln. 
(100 ml.), and washed free from NH, with 100 ml. of water. 
Evaporation left a slightly coloured residue, which was 
dried over P,O; at 20°/0-1 mm. The basic fraction (250 mg.) 
constitutes 1-25% by wt. of undried myrobalans. 

The De-Acidite G column was eluted with n-HCI (50 ml.), 
followed by 0-1 N-HCl (approx. 600 ml.) until chloride ‘ break 
through’. When organic acids are displaced from anion- 
exchange resins, only small amounts of high pK value acids 
are left on the column when chloride ‘breaks through’. 
Displacement with 0-1 N-HCI was, therefore, continued only 
for a very short period, when the column was washed 
(500 ml.) free from acid. Evaporation left a clean residue, 
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which was dried over KOH at 29°/0-1 mm. The acidic 
fraction (1 g.) constitutes 5% by wt. of undried myro- 
balans. 

Similar separation of 80% methanol extracts, derived 
from commercial myrobalans of unknown origin, gave 
comparable results. 


Paper chromatography of the neutral fraction 


An aqueous solution (0-2 ml.) of the neutral fraction 
(40 mg.) was spotted (2 x 2-5 yl.) on start-lines, 4 cm. from 
the lower edge of Whatman filter papers nos. 1 and 2, 57 em. 
in length. Single-way ascending chromatography was 
effected, with a n-propanol-ethyl acetate—water (7:1:2, by 
vol.) mixture (Albon & Gross, 1952) as solvent system. 
Multiple development (cf. Jeanes, Wise & Dimler, 1951) 
involving irrigations for 20 hr. gave a second solvent 
excursion of 35 em., and an extended migration of all com- 
pounds. Similarly, when the same soln. was spotted on start- 
lines, 15 em. from the upper edge of the filter papers, 
descending chromatography was effected by multiple 
development in n-propanol-ethyl acetate—-water (8:1:1, 
v/v) (A. E. Flood, personal communication) and (7: 1:2, v/v) 
solvent system. The papers were irrigated for 24 hr. with 
each mixture, solvent being allowed to drip from the 
serrated, bottom edges. To resolve glucose and galactose, 
the neutral fraction was also chromatographed (40 hr.) by 
the descending method, with the organic phase of the 
benzene-n-butanol—pyridine-water (1:5:3:3, by vol.) 
mixture as solvent system. 

Absence of fluorescent zones on the unsprayed chromato- 
grams confirmed the absence of fluorescent polyphenols 
from this fraction, and the remaining polyphenols were 
shown to be absent by treating a chromatogram with ferric 
chloride-ferricyanide reagent. 

Spraying reagents were employed as follows: (a) Spraying 
with a p-anisidine hydrochloride (Hough, Jones & Wadman, 
1950) solution in water-saturated n-butanol, followed by 
treatment (3-5 min.) at 100°, was used to detect all sugars. 
(6) Albon & Gross’s (1950) 1-naphthol-H,PO, reagent, 
followed by treatment (10 min.) at 90°, was employed for 
the ketoses. (c) Bradfield & Flood’s (1950) mixture of a 
methanolic soln. (100 ml.) of bromocresol purple (0-04.%) 
and H,BO, (0-1%), and 1% Na,B,O,,10H,0 soln. (7-5 ml.) 
was employed for the detection of hexitols. (d) Treatment 
with the Trevelyan, Procter & Harrison (1950) AgNO,— 
NaOH spraying reagents, followed by fixation in 4% 
Na,S,0;, revealed cyclohexitols and reducing sugars. 
Compounds in the neutral fraction were recognized by 
comparing their reactions and locations on paper with those 
of authentic compounds run on the same chromatogram. 
Marker spots (2-5 1.) of 1% solns. of sugars were used. 

When an aqueous soln. of the neutral fraction was spotted 
along the start-lines of another batch of filter papers which 
were chromatographed by multiple development, longi- 
tudinal strips were cut from each paper and sprayed in order 
to locate the sugars on the unsprayed papers, which were 
then cut into transverse strips (Dent, 1947) for elution with 
water. Each mono- and oligo-saccharide eluate was evapor- 
ated separately to single drops and spotted on to fresh filter 
papers, which were rechromatographed by multiple 
development. 

In parallel experiments, oligosaccharide eluates were 
evaporated separately in bulbed tubes (Flood, Hirst & 
Jones, 1948). The residues were heated at 105° with N- 
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H,SO, in the sealed tubes for 3 hr., when they were centri- 
fuged and opened. Barium carbonate was added in small 
amounts and stirred into the liquid with a micro stirring- 
rod, until the supernatant was no longer acid to Congo red. 
The tubes were centrifuged, and the supernatants evapor- 
ated separately to single drops, which were spotted on fresh 
filter papers and rechromatographed by multiple develop- 
ment. The corresponding monosaccharides were recognized 
by comparison with markers, and simultaneously authentic 
samples of the suspected oligosaccharides were chromato- 
graphed, eluted, hydrolysed and rechromatographed in 
precisely the same way. 


Electrolytic desalting of the basic fraction 


Desalting was effected by means of a circulating Hg 
cathode, and an anode compartment, through which acid is 
circulating, separated from the sample by means of an ion- 
permeable membrane (Consden, Martin & Gordon, 1947). 
In the present work an improved electrolytic desalter was 
employed, which involved a reversed flow of Hg, and is of 
such a size and implicated such flow rates that the temper- 
ature of the sample never exceeded 30°. 

The water lift was operated so that the Hg cathode 
circulated at uniform speed, and the levelling tubes were 
adjusted to afford a stationary Hg surface, on to which a 
soln. (1 ml.) of a sample (55 mg.) of the basic fraction was 
introduced. Water was circulated through the condenser 
surrounding the electrolytic cell and 2% (v/v) H,SO, was 
passed through the anode compartment at < 100 ml./min. 
When the apparatus was supplied with d.c. at 230v, the 
current decreased in 10min. from an initial value of 
300 ma to a steady minimal value of 150 ma. The desalted 
sample (pH 7) was removed, evaporated to 0-5 ml., and 
stored at 0°. 


Small-scale paper chromatography of the amino acids 


A sample (2-5 yl.) of the desalted soln. was spotted at a 
distance of 2 cm. from both edges of the lower left-hand 
corner of Whatman no. | filter papers, 25-5 cm. square, and 
chromatographed by the ascending method with fert.- 
butanol-water-formic acid (695:295:10, by vol.) mixture 
(Underwood & Rockland, 19545) as first-way solvent 
system. The solvent was irrigated for 19 hr. to within 1 cm. 
of the upper edge of the paper. To remove accumulated 
impurities from the paper, which would otherwise cause a 
badly serrated solvent front with the second-way solvent 
system, the chromatograms were cut 15 mm. below the 
solvent front and parallel to the upper edge of the paper. 
Chromatograms were then developed in the other dimension 
by the ascending method with the second-way solvent 
system, consisting of phenol—water (775: 215, w/w) mixture 
to which 35 % NH, soln. (10-6 ml.) was added (Underwood & 
Rockland, 19546). Complementary two-dimensional chro- 
matograms also bearing 2-5 ul. samples of the desalted soln. 
were similarly developed with water-saturated phenol 
containing 1 % (v/v) of 35% NH, soln. as first-way solvent 
system, and s-collidine—2:4-lutidine (1:1) mixture saturated 
with water as the second-way solvent system (Dent, 1948). 
Both solvent fronts were allowed to reach the upper edge of 
the paper (17 hr.). After each solvent excursion, chromato- 
grams were dried (1 hr.) at 60-70°, and the amino acids were 
identified by comparing their ninhydrin reactions (Under- 
wood & Rockland, 1954a) and locations on paper with those 
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of authentic compounds run on the same chromatograms. 
Marker spots (2-5 yl.) of 0-5 % solns. of the amino acids were 
used. 

Paper chromatography of the fruit acids 


An aqueous soln. (1 ml.) of the acidic fraction (50 mg.) 
was spotted (5 yl.) on start-lines, 4 cm. from the lower edge 
of Whatman filter papers nos. 1 and 2, 57 em. in length. 
Single-way ascending chromatography was effected with the 
following solvent systems: benzyl alcohol-tert.-butanol- 
isopropanol—water (3:1:1:1, by vol.) mixture containing 
1-3% (w/v) formic acid, (1); phenol-water (3:1, w/v) 
mixture containing 0-9% formic acid, (2) (Stark, Goodban 
& Owens, 1951); propanol-35 % NH, soln.—water (6:3:1, by 
vol.) mixture (3) (Hanes & Isherwood, 1949). Papers were 
irrigated for 20-24 hr., and dried (1 hr.) at 60—70°. 

Cations were completely removed by the exchanger, for 
chromatograms sprayed with adjusted indicators did not 
expose zones due to cations. 

Spraying reagents were applied in the manner described in 
the following notes: (a) treatment with the Trevelyan et al. 
(1950) AgNO,-NaOH spraying reagents, followed by 
fixation in 4% Na,S,0,, was used to detect the acids; those 
possessing 1:2-glycol groups gave black spots, and other 
acids gave white spots. (b) Successive spray treatments with 
a 2-6% (w/v) sodium metaperiodate (NaIlO,,3H,O) soln.; 
and an 83 % ethanolic soln. (120 ml.) of sodium nitroprusside 
(0-5 g.) and piperazine (0-5 g.), followed by treatment 
(5 min.) at 100° (Cartwright & Roberts, 1955), were used to 
detect quinic acid and related substances (Cartwright, 
Roberts, Flood & Williams, 1955). (c) Hanes & Isherwood’s 
(1949) mixture of 60% (w/w) HClO, (5 ml.), 4% (w/v) 
ammonium molybdate (25 ml.), N-HCl (10 ml.) and water 
(60 ml.) gave with free phosphate a yellow spot which 
turned green-yellow after heating for 7 min. at 85°. Free and 
bound phosphates afforded blue spots after further heating 
(2 min.) at 110° followed by exposure to H,S. (d) When the 
chromatograms were developed in acidic solvent systems, 
the acids were exposed as yellow spots against a green back- 
ground by means of a solution of bromocresol green at 
pH 5-5 (Lugg & Overell, 1947). (e) When the chromato- 
grams were developed in the alkaline solvent system, the 
acids were revealed by Universal indicator (British Drug 
Houses Ltd.) adjusted to pH 9-10 (Long, Quayle & Stedman, 
1951) as red spots, which faded fairly rapidly. (f) The 
occurrence of a-oxoacids was investigated with a 10% 
trichloroacetic acid soln. of o-phenylenediamine (Wieland & 
Fischer, 1949). The plant acids were distinguished by 
comparing their reactions and locations on paper with those 
of authentic compounds run on the same chromatograms. 
Marker spots (5 yl.) of 0-8% soln. of authentic acids were 
used. 

Chromatograms were also developed on acid-treated 
Whatman no. 1 filter papers. A 20 mg. sample of the acidic 
fraction was heated (bath temperature, 120°) with n-HCl 
(0-2 ml.) in a sealed tube for 2 hr., when the tube was centri- 
fuged and opened, and the reaction mixture evaporated 
until free from HCl. An appropriate solution of the residue 
was chromatographed on filter paper, as above. 


RESULTS 


The present work represents a qualitative and 
exploratory study of the amino acids, plant acids 
and polyols of myrobalans. 
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After removal of polyphenols and tannins from 
an 80% (v/v) methanolic extract, the remaining 
constituents were divided into neutral, basic and ° 
acidic fractions by ion-exchange chromatography. 
The absence of C, acids in the acidic fraction 
showed that Lobry de Bruyn transformation and 
degradation of hexoses had not occurred on the 
weakly basic anion-exchanger. 

Single-way chromatography of the 
fraction by multiple development (Jeanes et al. 
1951) in the solvent systems described in the 
Experimental section enabled the polyols to be 
identified (Table 1). These assignments were sub- 
stantiated by the elution, isolation and rechro- 
matography of single constituents, and by the 
elution and hydrolysis of individual oligosac- 
charides, followed by the isolation and rechro- 
matography of the corresponding monosaccharides. 
Glucose and hexitol predominated in the mixture, 
sucrose (approx. 1%) and fructose (approx. 1%) 
were present in quantity, and there was a small 
amount (approx. 0-2 %) of a disaccharide, with the 
same FR, values, hydrolysis products and reactions 
on paper as gentiobiose. The hexitol was probably 
sorbitol, because of its widespread incidence in 
fruiting trees, but R, values do not exclude the 
presence of mannitol and dulcitol. The remaining 
sugars occurred in small quantity, and were 
identified chromatographically as arabinose, mal- 
tose, rhamnose and xylose. 

The complex mixture of amino acids necessitated 
the application of two-dimensional paper chro- 
matography for the identification of constituents. 
Good results were obtained on small-scale chro- 
matograms. Alternative pairs of solvent systems 
were selected in order to resolve on one chromato- 


neutral 


Table 1. Multiple development of the 
sugars and hexitol 


Solvent system A: n-propanol-ethyl acetate—water 
(7:1:2, v/v); solvent system B: n-propanol-ethyl acetate— 
water (8:1:1, v/v) followed by n-propanol-ethyl acetate— 
water (7:1:2, v/v). Rg is the excursion relative to that of 
glucose. 

Solvent systems 








™ ~ 
A B 
(Ascending method) (Descending method) 
i - ‘ 
Excursion 
Rp Re (em.) Reg 

Disaccharide 0-19 0-42 6-0 0-32 
Maltose 0-25 0-56 8-5 0-46 
Sucrose 0-33 0-73 12-0 0-65 
Hezxitol 0-43 0-95 17-6 0-95 
Glucose 0-45 1-00 18-5 1-00 
Fructose 0-50 1-11 22-0 1-19 
Arabinose 0-52 1-16 23°3 1-26 
Xylose 0-56 1-25 26-0 1-40 
Rhamnose 0-67 1-50 34-0 1-84 
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gram those amino acids which were incompletely 
separated on the other. Thus, Underwood & 
Rockland’s (19546) solvent systems were used to 
resolve leucine and isoleucine, whereas Dent’s 
(1948) solvent systems separated y-aminobutyric 
acid, tryptophan and valine, as well as alanine and 
tyrosine. The chromatographic behaviour of the 
amino acids and their proximate proportions is 
shown (Table 2). An unidentified amino acid spot 
is possibly due either to 6-amino:2-hydroxyhex- 
anoic acid or to methionine sulphone (Coulson, 
1955). 


Single-way chromatography in acidic and 
alkaline solvent systems enabled several non- 


volatile fruit acids to be identified (Table 3), when 
R, values and the reactions on paper, described in 
the Experimental section, were compared with 
those of authentic compounds. The principal acids 
found (approx. 2-5%), quinic 
(approx. 1-5%), the highly polar acid(s) (approx. 
1%) and free phosphoric acid. Small quantities of 


were shikimic 
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dihydroshikimic and succinic acids were also 
identified. Dihydroshikimic acid was separated 
from shikimic acid in the phenol—water—formic acid 
system. 

The reactions of acid X (Table 3) imply a rela- 
tionship with the cyclohexanecarboxylic acids, 
and, if so, the R, values would suggest a dehydro- 
shikimic acid. There is tentative agreement with 
the reported R, values (Davis & Weiss, 1953) for 
5-dehydroshikimic acid (Salamon & Davis, 1953). 

A large spot was detected by indicators which 
had a lower R, than quinic acid in acidic solvents, 
and a higher R, value than quinic acid in the 
alkaline solvent system. Specific reagents seemed 
to divide the spot into zones (A and B). Reaction 
with molybdate indicates the presence of ester 
phosphate(s), in which case the stability to hydro- 
chlorie acid resembles that of phytic acid (Linden- 
feld, 1934), and the highly polar acid may turn out 
to be Davis & Mingioli’s (1953) compound Z,, 
a monophosphoshikimie acid. 


Table 2. Chromatographic behaviour of the amino acids and their proximate proportions 


Ry, in solvent systems 





Z 
Underwood & 
Rockland (1954)) 





(ae , 
Amino acids I Il 

Alanine 0-43 0-61 
y-Aminobutyric acid 0-53 0-78 
Arginine 0-20 0-86 
Asparagine 0-20 0-45 
Aspartic acid 0-32 0-17 
Cysteine 0-47 0-65 
Glutamic acid 0-40 0-27 
Glutamine 0-27 0-57 
Glycine 0-35 0-43 
Histidine 0-16 0-75 
Isoleucine 0-81 0-81 
Phenylalanine 0-73 0-86 
Proline 0-47 0-91 
Serine 0-32 0-38 
Threonine 0-36 0-53 
Tryptophan 0-53 0-78 
Tyrosine 0-43 0-61 
Valine 0-64 0-78 
(Unknown) 0-31 0-81 


0-025 %; s.q. 


Table 3. 


R, in solvent systems 


rmennnnareenreemasrcepenenaenanet Nemes 


Acid 1 2 
Succinic 0-73 0-70 
Unknown acid (X) 0-48 0-76 
Dihydroshikimic 0-40 0-70 
Shikimic 0-40 0-56 
Quinic 0-24 0-43 
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Chromatographic behaviour of the fruit acids in acidic and alkaline solvent systems 
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The presence of ester phosphate and of amino 
acids in myrobalans recalls the early work of 
Phillips (1936) on this subject. 


DISCUSSION 


The substances detected in this investigation 
should now be considered in relation to their 
distribution in plants, especially amongst fruiting 
trees. The presence of fructose, glucose and sucrose 
was anticipated, but preponderance of glucose is 
characteristic of this dried fruit. Detection of 
small quantities of arabinose and xylose recalls the 
similar quantities of arabinose in the fig, and of 
xylose in the apple, apricot, cherry, peach, pear and 
strawberry (Aso & Matsudo, 1951; Ash & Reynolds, 
1955; Genevois, Vitte & Guichard, 1955). The 
occurrence of free gentiobiose and rhamnose is 
rare, and they may therefore have arisen by 
hydrolysis of glycosides or polysaccharides when 
the fruits were dried, and this criticism may also 
apply to the other sugars detected. 

The presence of a large quantity of hexitol is 
readily appreciated, for sorbitol is stored during 
the growth of the plum in place of hexoses, when 
the latter have attained a limiting concentration 
(Donen, 1939). In hexitol studies it has been 
shown that sorbitol occurs most frequently in the 
leaves and fruit of Rosaceae (Strain, 1937) and 
mannitol in Leguminoseae (Plouvier, 1950), and 
when detached leaves of Rosaceae are floated on 
sorbitol solution they synthesize starch (Treboux, 
1909), whereas leaves of Oleaceae similarly utilize 
mannitol. The absence of free galactose and ribose 
is usuai in plant material (cf. Ash & Reynolds, 
1955). The range of free amino acids found in the 
present study is typical of those detected in plant 
extracts in general, and it includes the ones which 
are present in the apple (Hulme & Arthington, 
1950), citrus fruit (Underwood & Rockland, 1953) 
and the potato tuber (Dent, Stepka & Steward, 
1947). It is possible that all eighteen amino acids 
occur free in intact plants, but some of them may, 
however, have arisen by hydrolysis of peptide-cell 
components when the fruits were dried. Quinic 
acid occurs widely in plants (Wehmer, Thies & 
Hadders, 1932), and its incidence has recently been 
authenticated in the apple (Hulme, 1951), apricot 
(Anet & Reynolds, 1955a), peach (Anet & Rey- 
nolds, 1953, 19556) and plum (Dickinson & Gauler, 
1954), as well as in grasses (Hulme & Richardson, 
1954). In these cases, however, quinic acid is 
associated with the common fruit acids (citric, 
malic and tartaric acids) and chlorogenic acid. In 
this work, quinic acid occurs in the acidic fraction, 
whereas the common fruit acids and chlorogenic 
acid are absent. The acids of myrobalans accord 
with Hall’s (1937) phytochemical relationship ‘that 
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plants noted for their quinic acid content are not 
producers of citric acid’, although this generaliza- 
tion has been found untrue in some other cases 
(Hulme & Richardson, 1954). Although the 
presence of shikimic acid in the fruit of Illicium 
religiosum and I. anisatum and in the leaves of 
Ginkgo biloba is well known, it has not previously 
been encountered concomitant with quinic acid, 
and the natural occurrence of dihydroshikimie acid 
has not been previously reported. Since the con- 
figuration of quinic and shikimic acids at carbon 
atoms C,,, Cy and C,, is identical (Dangschat 
& Fischer, 1950), the presence of the three struc- 
turally related acids in a single plant source is 
biochemically significant. There is also tentative 
evidence for the presence of a dehydroshikimic 
acid. 

It is now relevant to refer briefly to microbial 
synthesis of aromatic compounds (aromatization). 
Davis (1951) showed that shikimic acid substitutes 
for the quintuple requirement of Escherichia coli 
and Aerobacter aerogenes mutants for p-amino- and 
p-hydroxy-benzoic acids, phenylalanine, trypto- 
phan and tyrosine. 5-Dehydroquinic and 5-de- 
hydroshikimic acids were normal intermediates in 
aromatic biosynthesis, but quinic acid was only 
utilized by means of a side reaction (Davis & 
Weiss, 1953) involving quinic dehydrogenase 
(Mitsuhashi & Davis, 1954). Eberhardt & Nord 
(1955) have shown that Lentinus lepideus produces 
p-hydroxyphenylpyruvic acid from glucose units. 
Heptulose was detected as an intermediate, and in 
consideration of Davis’s work, Stevens & Nord 
(1955) believed that shikimic acid was also a 
precursor. 

In view of Davis’s bacteriological studies the 
presence of related cyclohexanecarboxylic acids, 
concomitant with polyphenols and tannins as 
shown in the present work, suggests that they may 
also be precursors of aromatic amino acids and 
polyphenols in the plant. Quinic, 5-dehydro- 
quinic, 5-dehydroshikimic, shikimic and dihydro- 
shikimic acids (I-V) are probably separated 
successively from each other by one-step enzymic 
reactions (Fig. 2). The work with bacteria and 
moulds suggests that the pathway leading to 
aromatic compounds leaves this reaction sequence 
at shikimic acid, but for plants the lead into the 
aromatic sequence remains to be _ established. 
Although quinic acid does not appear to be a 
metabolite in bacteria, its widespread incidence in 
plants suggests that in these it may be a metabolite. 
It is possible that the presence of chlorogenic acid 
depsides in other plants may have obscured the 
role of free cyclohexanecarboxylic acids as pre- 
cursors in aromatization processes. In myro- 
balans, a primary product of aromatization is 
gallic acid (VI), two molecules of which differ in 
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Fig. 2. Scheme for aromatization in T'erminalia species. 





constitution from the remaining polyphenols, 
chebulic and ellagic acids, by the elements of 
hydrogen and water molecules. As already indi- 
eated in the Introduction, the tannins, chebulinic 
and chebulagic acids and corilagin are built up 
from these polyphenolic units. By studying the 
constituents and enzymic reactions of selected 
plants, it is intended to explore the course of 
aromatic biosynthesis leading to tannins. 


SUMMARY 


1. The examination of the polyphenols and 
tannins of the dried fruit of Terminalia species 
(myrobalans) by means of chromatographic 


methods is briefly summarized. 

2. After removal of polyphenols and tannins 
from an 80% (v/v) aqueous methanolic extract of 
myrobalans, the remaining constituents are divided 
into neutral, basic and acidic fractions by ion- 
exchange chromatography, the amino acids iso- 


lated after electrolytic desalting of the basic 
fraction, and paper chromatographic methods used 
for the provisional identification of constituents in 
the three fractions. 

3. Glucose and hexitol (sorbitol) predominate in 
the neutral fraction, which also contains about 1% 
each of fructose and sucrose, a small quantity of 
gentiobiose and traces of arabinose, maltose, 
rhamnose and xylose. 

4. The range of amino acids is typical of those 
detected in plant extracts in general, and it is 
possible that all eighteen of these substances occur 
free in intact plants. 

5. In addition to small quantities of phosphoric 
and succinic acids, a family of related cyclohexane- 
carboxylic acids has been identified. These include 
quinic and shikimic acids as major constituents, 
together with smaller amounts of dihydro- and 
possibly dehydro-shikimic acids. Tentative evi- 
dence for the occurrence of a related ester phos- 
phate is also presented. 
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6. Dihydroshikimic acid has not been previously 
detected in plant material. 

7. The nature of the constituent amino acids, 
fruit acids and polyols is discussed against the 
background of authenticated plant products. 

8. It is suggested that the structurally related 
cyclohexanecarboxylic acids may be formed by the 
plant as intermediates of aromatic biosynthesis, 
leading to the aromatic amino acids and the simple 
polyphenolic units from which the tannins of the 
Terminalia species are elaborated. It is intended 
to explore the course of aromatic biosynthesis 
leading to tannins in selected plants. 
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In earlier papers (Falk, Dresel & Rimington, 1953; 
Dresel & Falk, 1953, 1954, 1956a, b; Falk, Dresel, 
Benson & Knight, 1956) we have discussed the 
capacity of chicken-erythrocyte preparations to 
synthesize haem and porphyrin from substrates such 
as glycine, 5-aminolaevulic acid (ALA) and por- 
phobilinogen (PBG). Our results, and those of 
others (Shemin & Russell, 1953; Neuberger & 
Scott, 1953; Bogorad & Granick, 1953; Shemin, 
1955), suggest strongly that both ALA and PBG 
are highly specific precursors of porphyrins and of 
haem. It seemed desirable to seek more definite 
evidence that these substances lie on the normal 
pathway of haem biosynthesis. In addition, the 
exact pathway from porphobilinogen to haem has 
yet to be established. Two alternatives for this 


pathway have been suggested from indirect 
evidence obtained with isotopically labelled 
materials (Shemin & Wittenberg, 1951). In the 


first, the condensation of four identical mono- 
pyrrole precursor molecules leads to the formation 
of uroporphyrin III, which, by successive decarb- 
oxylations and dehydrogenation, leads via copro- 
porphyrin III to protoporphyrin IX and haem. We 
think that in this series of reactions the incorpora- 
tion of iron might occur at a step before the forma- 
tion of protoporphyrin IX. The alternative path- 
way would involve modifications of the side chains 
of the monopyrrole precursor molecule before 
condensation, some of the porphyrins with a high 
number of carboxyl groups thus being bypassed in 
the biosynthesis. The fact that porphyrins with 
eight to two carboxyl] groups readily accumulate in 
systems in vitro (Dresel & Falk, 19566; Bogorad & 
Granick, 1953) as well as in vivo in normal and 
pathological conditions (ef. Rimington, 1954) 
would appear to favour the first pathway. The 
present paper describes investigations designed to 
elucidate the role of some of the free porphyrins 
known to occur naturally, and of ALA and PBG, in 
the biosynthesis of haem. 


* Part 4: Falk, Dresel, Benson & Knight (1956). 

+ Present address: University of the Witwatersrand, 
Johannesburg, Transvaal, South Africa. 

t Present address: C.S.I.R.O., Division of Plant In- 
dustry, Canberra, A.C.T., Australia. 


Much of the work described here has already 
been presented in outline (Dresel, 1955). 


MATERIALS 


The samples of PBG and ALA used have been described 
previously (Dresel & Falk, 1956a). The porphyrins used 
were prepared from the methyl esters by saponification as 
described by Falk et al. (1956). The methyl esters of uro- 
porphyrin I (from a case of congenital porphyria), uropor- 
phyrin III (from turacin) and coproporphyrin III (from 
Corynebacterium diphtheriae) were the reference substances 
described by Falk & Benson (1953). ‘Uroporphyrin III 
from haemolysate’ and pseudouroporphyrin were isolated as 
a mixture after incubation of a haemolysate preparation 
with PBG, and, after esterification, were separated on a 
CaCO, column (cf. Falk et al. 1956). Waldenstrém porphyrin 
ester (m.p. 260°, corr.) was a bulked sample from various 
cases of human acute porphyria; paper chromatography 
[by the dioxan method of Falk & Benson (1953), and by the 
lutidine method of Falk et al. (1956) on the coproporphyrin 
isolated after decarboxylation] indicated mainly uroporphy- 
rin IIT with not more than 5% uroporphyrin I. Haemato- 
porphyrin (Light and Co.) was purified by countercurrent 
distribution (Falk et al. 1956). Protoporphyrin LX ester was 
prepared from blood by the method of Grinstein (1947) and, 
after saponification, purified by countercurrent distribution 
(Falk et al. 1956). 


METHODS 


The tissue preparations, methods of incubation and quanti- 
tative determinations of free porphyrins were carried out as 
described by Dresel & Falk (19565). For haematoporphyrin 
determinations, the value given by Heilmeyer (1943) for the 
extinction coefficient in 5 % (w/v) HCl was used (£} %, =5300 
at 402 my.). lymole of ‘porphyrin equivalent’ denotes 
1 pmole of porphyrin, 4 zmoles of PBG and 8 umoles of ALA 
(cf. Dresel & Falk, 19565). 

Radioactivity determinations. When sufficient material 
was available, determinations were carried out at ‘infinite 
thickness’ as described by Dresel & Falk (1954). Small 
amounts of highly active material were counted at ‘infinite 
thinness’. A disk of lens paper, a fraction smaller in 
diameter than the 1 cm.? polythene planchets, was placed on 
a glass plate, and one drop of concentrated solution of the 
material blown on to it from a capillary pipette. The solvents 
used were CHCl, for porphyrin esters, acetone for 2:4-di- 
nitrophenylglycine and water for PBG hydrochloride. The 
disk was allowed to dry in air and then placed in the plan- 
chet. After the determination of radioactivity, the material 
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on the disk was dissolved in a known volume of suitable 
solvent and determined spectrophotometrically (see below). 
In all cases the radioactivity was directly proportional to the 
amount of material on the disk with quantities up to at least 
50pyg. A similar method has been used by Henriques, 
Henriques & Neuberger (1955). 

In a few cases the yields of Cu protoporphyrin ester from 
the haemolysate preparation were too small for counting at 
infinite thickness, and the radioactivity too low for the 
‘infinite thinness’ method. The following procedure, similar 
to that of Fager (1947), was then adopted. Material 
(0-5-5 mg.) in concentrated solution in CHCl, was placed on 
a nickel planchet (1-77 cm.?) and covered with a lens paper 
disk to assist the even distribution of the material. After 
air-drying and determination of radioactivity, the Cu pro- 
toporphyrin ester was redissolved in CHCl], and determined 
spectrophotometrically. The counts were corrected to 
‘counts at infinite thickness’ by the use of a reference curve. 

Samples of the glycine used for the experiments were con- 
verted into the 2:4-dinitropheny] derivative, and the specific 
activity was determined. 


Spectrophotometric determinations 


Porphyrin esters were determined by the absorption at the 
maximum of the Soret band in CHCI,. The positions of the 
maxima were slightly different in CHCl, and dioxan, but the 
extinction coefficients in the two solvents were identical 
within the limits of experimental error. The molar extinction 
coefficients in CHC], were calculated from the data for the 
visual bands in dioxan (Stern & Wenderlein, 1934), after the 
relative absorptions of band IV (about 500 my.) and the 
Soret band in dioxan had been determined. In this way the 
following millimolar absorption coefficients (€,,).) in CHCl, 
were derived: protoporphyrin ester, 405-406 my., €m 161; 
coproporphyrin ester, 400-401 my., €n4 169; uroporphyrin 
ester, 405 my., €yy 190. With ‘uroporphyrin III from 
haemolysate’ and pseudouroporphyrin, it was assumed that 
the molar extinction coefficients are identical with those of 
uroporphyrin. Although exposure to bright daylight was 
avoided, there was occasional evidence of degradation, 
particularly of protoporphyrin, on the columns. Samples 
showing broadening of the Soret band were rejected, and in 
allinstances the observed density readings at the Soret band 
were corrected by the following formulae, adapted from 
Rimington & Sveinsson (1950). In these D is the corrected 
density, and d439,d3g9, etc., are the observed density readings: 


2 x dog — [d380 r 439] 


Protoporphyrin: D=— a . 
2 x dyoq — [dggo + 4s: 
Coproporphyrin: D= =~ Coe 430] 
2 x dos — [dean +4, 
Uroporphyrin: D = - * 405 ‘i 430] 
5 


Porphobilinogen was determined by the method described 
by Cookson & Rimington (1954). 

2:4-Dinitrophenylglycine was determined at 360 my. in 
0-5 % (w/v) aqueous NaHCO, (Dresel & Falk, 1954). €,,y at 
this wavelength was 17-2. 


Isolation of materials for radioactivity determinations 


Haem. Haem was separated completely from free por- 
phyrins and purified and crystallized as Cu protoporphyrin 
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ester (Dresel & Falk, 1956a). Where it was necessary also to 
isolate PBG, the haemolysate was precipitated with tri- 
chloroacetic acid (see below), and haem was extracted from 
the precipitated protein, first with acetic acid followed by 
3 vol. of ethyl acetate, and then with acetone containing 
1% HCl. The final yields of Cu protoporphyrin ester were 
rather low in these cases. 

Porphobilinogen. The haemolysate was precipitated with 
trichloroacetic acid (final concentration 5%, w/v) and 
centrifuged; the precipitate was washed with 5% (w/v) tri- 
chloroacetic acid and recentrifuged until the supernatant 
gave no colour with Ehrlich’s reagent (p-dimethylamino- 
benzaldehyde). The PBG present in the combined super- 
natants was determined, and then PBG hydrochloride (about 
50 mg.) was added in known amount so that the dilution of 
the radioactive material could be calculated. After several 
extractions with ether to remove the trichloroacetic acid, the 
PBG was precipitated with mercuric acetate, and extracted 
and purified either (Expt. A, Table 1) on an alumina column 
(Prunty, 1945; Westall, 1952) or (Expt. B, Table 2) as 
described by Cookson & Rimington (1954). The PBG 
hydrochloride was recrystallized to constant radioactivity, 
three crystallizations being required. In a control experi- 
ment, in which the PBG was added after the incubation and 
immediately before precipitation with trichloroacetic acid, 
the isolated PBG hydrochloride had no radioactivity. 

Porphyrins: Experiment A (Table 1). Uro- and copro- 
porphyrins were isolated and determined quantitatively as 
described by Dresel & Falk (1956a). To the acid extracts 
containing these porphyrins, about 30-40 mg. of the same 
porphyrin, dissolved as its methyl ester in 25% (w/v) HCl, 
was added; the total porphyrin was then determined, so 
that the dilution of the isolated material could be calcu- 
lated. The acid extracts were then evaporated to dryness in 
vacuo, converted into their methyl esters (Falk et al. 1956), 
passed through a column of Grade III MgO (Nicholas, 1951) 
and crystallized. Recrystallization did not alter the radio- 
activity (determined by the method of ‘infinite thickness’, 
see above). 

Experiment B (Table 1). The isolated free porphyrins were 
converted into their methyl esters and purified to constant 
radioactivity (determined by the method of ‘infinite 
thinness’, see above) by column chromatography. The 
adsorbent chosen in each case was one which would hold the 
porphyrin in pure CHCI,, so that the material, once applied 
to the top of the column (in CHCI,), could be freely washed 
with CHCl, before elution. As expected, radioactive im- 
purities were present in these CHCl, washings, but they were 
readily separated from the porphyrin esters in this way. All 
porphyrins were passed through two successive columns, 
but in no case was the specific activity changed after the 
second column, unless there were obvious signs of degrada- 
tion as with protoporphyrin (see above). Uroporphyrins 
were purified on Al,O, (grades V-VI) and eluted with 
CHCl, containing 0-5% methanol. Copro- and _ proto- 
porphyrins were purified on MgO (grade III) and eluted 
with CHCl, containing 1 and 2% methanol respectively. 
With small columns of adsorbent (about 1-2 cm. x 6 em.), 
as little as 20g. of porphyrin ester formed a distinctly 
fluorescent band, and its passage down the column could be 
observed with ease under an ultraviolet lamp. In most cases 
some material remained near the top of the column and was 
not easily eluted; this was probably partly saponified ester 
and was rejected. 
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Calculation of the quantity of 
newly synthesized material 


The method for the calculation of the amount of newly 
synthesized haem from the radioactivity of the isolated Cu 
protoporphyrin ester has been described (Dresel & Falk, 
1956a). Essentially the same method has been used for the 
calculation of the amounts of newly synthesized material in 
the PBG and porphyrins isolated after incubation with 
[«-C]glycine. It was assumed that glycine is used for the 
synthesis of all porphyrins and PBG, as one would expect 
from the evidence for haem (Muir & Neuberger, 1950; 
Wittenberg & Shemin, 1950) and free protoporphyrin 
(Dresel & Falk, 1956a), that is, that eight «-C atoms of 
glycine are incorporated per molecule of porphyrin and two 
per molecule of PBG. From a knowledge of the specific 
activity of the glycine in the system, the molar specific 
activity of any newly synthesized material can be calcu- 
lated. The amount of newly synthesized substance present in 
the isolated material is equal to p x X/Y, where X is the 
observed molar specific activity of the isolated material, Y 
the calculated molar specific activity of the newly synthe- 
sized material and p the molar quantity of material iso- 
lated. Corrections were made for endogenous glycine, which 
was assumed to be the same as that determined previously in 
an exactly similar system (0-0012M; Dresel & Falk, 1954). 


RESULTS 
Comparison of the labelling of haem, porphyrins, 
PBG and ALA by [a-C]glycine 
It is established that glycine is an obligatory pre- 
cursor of haem (Wittenberg & Shemin, 1950; Muir 
& Neuberger, 1950). A study of the incorporation 
of [x-“@C]glycine into haem in the presence of 


various unlabelled substances should help to 
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elucidate the role of these in the biosynthesis of 
haem. Various materials suspected of being inter- 
mediates in the biosynthesis were therefore added 
in known quantity to the chicken-erythrocyte 
haemolysate (Dresel & Falk, 1954), and this was 
incubated with radioactive glycine. It was thus 
possible to study quantitatively, and in the same 
sample, any reduction in haem synthesis from 
radioactive glycine due to the added material, and 
in the event of the latter fraction being radioactive 
on subsequent re-isolation, the amount of newly 
synthesized material it then contained. If the 
radioactivity of the haem was reduced, a compari- 
son of these two measurements should enable one 
to distinguish between two possibilities: (a) that 
the added material inhibits haem synthesis from 
glycine, but is not itself a normal intermediate in 
the synthesis; in this case one would expect very 
little, if any, radioactivity in the added material 
re-isolated after incubation; (b) that the added 
material is indeed a true intermediate; in this case 
one might expect that the loss of radioactivity in 
the haem should be of the same order as the gain in 
radioactivity of the added material. Indeed, since 
most materials were added in quantities greatly in 
excess of the amount of haem normally synthesized 
from glycine in this system, one would in the latter 
case expect most of the radioactivity to be trapped 
in the added ‘pool’. 

The results are illustrated in Table 1. There were 
great differences in the amount of added ‘pool’ 
material with the several compounds tested. In 
view of the very active conversion of PBG into 


Table 1. Comparison of [x-44C]glycine incorporation into haem and into various added ‘ pools’ 


Expt. A. Haemolysate (21 ml.) was incubated-for 2 hr. at 38° in a final volume of 33 ml. with 0-01 sodium succinate, 
0-0036 M-MgCl, and 0-0065 m [a-"C]glycine (42-7 uc). Porphyrins were added in less than 1 ml. of 0-1N-NaHCO,. Standard 
deviations are quoted only where the error of counting was greater than +5%. All figures are expressed as ym-moles of 


‘porphyrin equivalents’. 


Expt. B. As Expt. A except that the glycine (0-0065M) contained 107 pc. The porphyrins were 


added in 1-0 ml. of 0-1N-NaHCO,, and this was also added to the control flask and the flasks containing PBG and ALA. 


‘Pool’ size 


Newly synthesized 





Pe a ae 
Before After Haem synthesized =‘ pool’ substance 
Addition incubation incubation from [a-“C]glycine remaining 
Expt. A 
None — — 20 — 
PBG 2610 1300 0-05 +0-07 6-7+0-46 
Uroporphyrin (Waldenstrém) 297 241 9 0-6 +0-08 
Coproporphyrin IT] 378 314 14 0-5+0-04 
Expt. B 
None _ —: 19 — 
PBG 2380 1200 0-5 +0-07 7-9+0-54 
ALA 2240 — 0-3 —_ 
Uroporphyrin IIT (Turacin) 292 183 3-8 1-1+0-08 
Uroporphyrin III (haemolysate) 119 68 12 0-7 +0-06 
pseudoUroporphyrin 51 40 14 0-4 
Coproporphyrin III 387 321 11 1-0 
Haematoporphyrin IX 408 351 16 — 
Protoporphyrin IX 215 116 18 9-8 
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porphyrins (Dresel & Falk, 19566), this substance 
was added at a relatively high concentration to 
assure sufficient material for re-isolation and 
radioactivity determination after incubation. This 
consideration did not apply to the porphyrins; 
these were added at considerably lower concentra- 
tions to avoid, as far as possible, simple inhibition 
of normal haem biosynthesis by the added materials. 
Shortage of purified material sometimes necessi- 
tated very low concentrations; even then, the 
amount of added material recovered at the end was 
such that more radioactivity should have appeared 
in this fraction than in the haem if the added 
porphyrin had behaved as a true intermediate. 
Porphobilinogen ‘pool’. The two experiments 
with added PBG gave very similar results. In both 
the radioactivity of the haem was negligible. Only 
some 50% of the added PBG was recovered after 
incubation, a considerable part of the loss being 
due to the conversion into porphyrins (cf. Dresel & 
Falk, 19566). Even so, the radioactivity of the re- 
isolated PBG corresponded to some 35-40% of 
that found in the haem in the control experiments. 
Aminolaevulic acid ‘pool’. ALA was added at 
the same molar concentration (expressed as por- 
phyrin equivalents) as PBG. As with the PBG 
‘pool’, haem synthesis from glycine was almost 
completely suppressed by the ALA ‘pool’. At the 
time of the experiment no technique for the re- 
isolation of ALA was available. Instead, the 
porphyrins formed from ALA were isolated and 
their radioactivities compared with those derived 
from the PBG ‘pool’ (Table 2). The specific 
activities of the porphyrins from ALA were double 
those from PBG. The tctal amounts of porphyrins 
synthesized from PBG were not determined in this 
experiment, but we have good evidence that the 
yields of porphyrins from ALA and PBG are of the 
same order under these conditions (Dresel & Falk, 
19566). The synthesis of porphyrins from glycine 
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was therefore twice as high in the presence of ALA 
than of PBG. In spite of this difference, which can 
be interpreted in several ways, the results would 
appear to indicate a certain similarity in the 
behaviour of ALA and PBG in this system. 

Uroporphyrin ‘pools’. The several uroporphyrins 
tested were added at different concentrations and 
direct comparisons are difficult. Haem synthesis 
from glycine was reduced in all cases, but it was 
still considerably greater than the corresponding 
synthesis of uroporphyrin from glycine. The 
figures quoted for newly synthesized uroporphyrin 
were calculated from the specific activity of the 
porphyrin recovered in the ethyl acetate fraction 
after precipitation of the haemolysate (Dresel & 
Falk, 1956a); only about half of the total por- 
phyrin is recovered in this fraction, the remainder 
being precipitated with the protein (Dresel & Falk, 
1956a). It was conceivable that the newly syn- 
thesized uroporphyrin might preferentially follow 
the protein precipitate, and that the calculated 
amounts might therefore have been artificially 
low. To test this, the protein precipitates from two 
samples were treated with methanol-5% H,SO, 
and the specific activities of the extracted por- 
phyrin esters determined. In the one case the 
specific activities found for the two fractions were 
not significantly different, and in the other the 
specific activity of the uroporphyrin from the pre- 
cipitate was only about 50% of that in the ethyl 
acetate. Although this difference is difficult to 
understand, the results indicate that the newly 
synthesized porphyrin does not preferentially 
follow the protein precipitate. 

In the control flask (Expt. B) carrier uropor- 
phyrin was added after incubation, to determine the 
newly synthesized uroporphyrin present at the end. 
This was, approximately, 0-05 um-mole, which was 
only about one-tenth or less of that trapped when 
uroporphyrin was added before incubation. 


Table 2. Radioactivities of porphyrins formed in presence of ALA and PBG in Expt. B (Table 1) 


For conditions of incubation see Table 1. 


Porphyrins formed 





- 
Uroporphyrin + 
Addition Protoporphyrin Coproporphyrin pseudouroporphyrin 
ALA 
Specific activity 3-83 4-03 5-80 
(counts/min./zm-mole) 
Amount recovered 350 44 246 
(u#m-moles) 
Amount synthesized from 2-2 0-3 2-5 
[a«-!4C]glycine (~m-moles) 
PBG 
Specific activity 1-94 1-97 _— 


(counts/min./zm-mole) 
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Coproporphyrin ‘pool’. The two experiments with 
added coproporphyrin III gave similar results. The 
reduction in the radioactivity of the haem was con- 
siderably less than in the flasks to which uropor- 
phyrin had been added at approximately similar 
levels. At the same time, the amount of newly 
synthesized porphyrin trapped in the copropor- 
phyrin ‘pool’, although significant, was of the same 
low order as that trapped by the uroporphyrin 
‘pools’. These results appear to suggest inhibition 
rather than dilution of haem synthesis by the 
added coproporphyrin. 

Haematoporphyrin ‘pool’. Added haematopor- 
phyrin caused even less reduction in the radio- 
activity of the haem than did added copropor- 
phyrin III. The haematoporphyrin re-isolated after 
incubation was degraded before its radioactivity 
could be determined. We do not know, therefore, 
whether any haematoporphyrin was formed from 
glycine in this system. 

Protoporphyrin ‘pool’. There was scarcely any 
inhibition of haem synthesis from glycine. when 
protoporphyrin was added to the system during 
incubation. Furthermore, the amount of newly 
synthesized protoporphyrin in the protoporphyrin 
isolated after incubation (9-8 ~m-moles) was of the 
same order as the additional protoporphyrin found 
by quantitative determination in the control flask 
(12 uzm-moles). Thus the synthesis from glycine of 
both haem and protoporphyrin apparently was 
unaffected by the added protoporphyrin ‘pool’. 


Incubation of haemolysate with added porphyrins 
Uroporphyrins. The conversion of uroporphyrins 
into other porphyrins on incubation with the haemo- 
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lysate or the supernatant preparation is illustrated 
by the results given in Table 3. Considerable 
amounts of protoporphyrin, but no traces of copro- 
porphyrin, were formed from uroporphyrin III in 
the whole haemolysate preparation. The identity 
of the protoporphyrin was established as described 
by Falk et al. (1956). At low concentrations the 
yield amounted to some 50% of the added uro- 
porphyrin (Expt. 110, Table 3); however, the 
quantity of protoporphyrin formed was not raised 
by increasing the concentration of uroporphyrin, 
so that the maximum amount of protoporphyrin 
formed from uroporphyrin III was only some 10% 
of that formed from PBG under similar conditions 
of incubation (cf. Dresel, 1955). 

There was no appreciable conversion of uropor- 
phyrin III into either protoporphyrin or copropor- 
phyrin by the supernatant preparation. The 
amount of porphyrin isolated as ‘protoporphyrin’ 
was too small to identify, and the position of 
maximum absorption differed from that of pure 
protoporphyrin. 

Uroporphyrin I, added to the haemolysate, gave 
rise only to traces of ‘protoporphyrin’ ; the amounts 
were again too small to study the nature of this 
porphyrin. On the other hand, there was an 
appreciable amount of porphyrin in the copro- 
porphyrin fraction. lLutidine paper chromato- 
graphy showed that this was mainly copropor- 
phyrin I with traces of coproporphyrin III and a 
substance behaving like a ‘pentacarboxyl’ por- 
phyrin (Falk e¢ al. 1956). The system responsible 
for the conversion of uroporphyrin I into copro- 
porphyrin I was present also in the supernatant 
preparation (Table 3). 


Table 3. Incubation of haemolysate with added porphyrins 


Preparations (21 ml.) were incubated at 38° in a final volume of 33 ml. with 0-0036M-MgCl, and, in Expts. no. 108, 110 
and 118, 0-01m sodium succinate. Figures with asterisks imply that the porphyrin was of uncertain identity since the 
Soret peak was at 406-408 my., whereas that of pure protoporphyrin was at 409 my. 


Porphyrins formed (jzm-moles) 





Whole haemolysate 


Haemolysate supernatant 





Expt. Addition Time *e / = :, 
no. (um-moles) (hr.) Coproporphyrin Protoporphyrin Coproporphyrin Protoporphyrin 
110 Uroporphyrin III (120) 4 0 62 — — 

Uroporphyrin IIT (313) 4 0 63 — — 
192. Uroporphyrin IIT (282) + 0 50 0 = 
202. ~Uroporphyrin III (142) 2 0 32 ~- —_— 

Uroporphyrin III (142) 4 0 39 — — 
118 Uroporphyrin I (241) 2 19 3 _— — 
170 Uroporphyrin I (246) 4 18 1 — — 
192 Uroporphyrin I (190) 4 10 3 13 3* 
108 Waldenstrém porphyrin (119) 4 15 34 —_ os 
118 Waldenstrém porphyrin (241) 2 9 37 — —— 
192 Waldenstrém porphyrin (272) 4 4 13 5 3* 
108 Coproporphyrin IIT (152) 4 oe 10* = — 

Coproporphyrin III (455) 4 — 11* — — 
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The results with Waldenstrém porphyrin were 
somewhat variable, but indicate that this por- 
phyrin behaves like a mixture of uroporphyrin III 
and uroporphyrin I in the sense that both proto- 
porphyrin and coproporphyrin are formed from it. 

Coproporphyrin. Added coproporphyrin III gave 
rise to only traces of ‘protoporphyrin’ (Table 3). 
The amounts were again too small for rigid identi- 
fication, and the absorption maximum was again 
anomalous. 


DISCUSSION 


Interpretation of the experiments in which ‘pool’ 
substance and radioactive glycine were both added 
is complicated by the fact that the various ‘pool’ 
compounds tested for their role in haem bio- 
synthesis were added at different concentrations. 
Furthermore, these concentrations decreased to 
differing extents during the incubation. Even so, 
a very marked difference between the results with 
PBG on the one hand, and with the porphyrins on 
the other, becomes apparent from an inspection 
of Table 1. With all the porphyrins, there was 
considerably greater incorporation of radioactive 
glycine into the haem than into the added por- 
phyrin. In all cases the size of the added ‘pool’, 
even at the end of incubation, was considerably in 
excess of the haem and porphyrin synthesized in 
the control flask, which amounted to 20 um-moles 
of haem and 12ym-moles of protoporphyrin. The 
results therefore indicate that haem synthesis from 
glycine was able to bypass the added porphyrin 
pools, and that the various porphyrins tested were 
not behaving as true intermediates of haem bio- 
synthesis in this system. In the experiment with 
added PBG the distribution of the radioactivity 
was reversed. Haem synthesis from radioactive 
glycine was almost totally suppressed, but a con- 
siderable amount of newly synthesized PBG was 
trapped by the ‘pool’. The amount recovered 
corresponded to 35-40 % of the haem synthesis, or 
some 25% of haem plus protoporphyrin synthesis 
in the control flask. The latter comparison would 
seem the more valid, since it is probable that the 
same monopyrrole is the precursor of both haem 
and free protoporphyrin. The appearance of 25% 
of the porphyrin synthesized in the control in the 
form of newly synthesized and trapped PBG seems 
quite impressive, particularly when it is remem- 
bered that only half the added PBG was recovered. 
Furthermore, it is conceivable that the artificially 
increased concentration of a reaction product 
might have caused an appreciable reduction in the 
normal rate of synthesis of PBG from glycine. 
We conclude, therefore, that the results with PBG 
indicate that this compound is a normal inter- 
mediate in the synthesis of haem from glycine. The 
results with ALA show a close similarity to those 
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with PBG, and are therefore in concordance with 
the present belief that ALA is a normal inter- 
mediate in the synthesis. It could be argued that 
this similarity in results was simply due to the 
rapid conversion of ALA into PBG, known to 
occur in this system, and that ALA does not itself 
lie on the direct pathway. This possibility could 
not be tested, since there was no method for the 
recovery of ALA for radioactivity determination. 
Similarly, the results of Shemin & Russell (1953) 
are not entirely conclusive in this respect. These 
authors showed that, in their duck-erythrocyte 
system, labelled ALA is incorporated into haemin 
more efficiently than labelled glycine or succinate, 
and also, that the radioactivity of haemin after 
incubation with labelled glycine or succinate is 
much reduced by the addition of unlabelled ALA. 
Such results could also be obtained if ALA were 
not itself the normal intermediate but were 
actively converted into an intermediate by the 
tissue system. 

This treatment of our results may be invalid if 
permeability barriers to the added materials exist 
in the haemolysate preparation. It is conceivable 
that the apparent difference in the behaviour of 
ALA and PBG from that of the porphyrins is due 
to such factors. Further, these could also be the 
cause of the inefficient utilization of added uro- and 
copro-porphyrins for protoporphyrin synthesis. 
However, the inability of the supernatant prepara- 
tion to decarboxylate uroporphyrin ITI is against 
this possibility. Uro- and copro-porphyrins are 
freely formed in the supernatant preparation from 
added PBG (Dresel & Falk, 19566). If the reaction 
sequence is PBG > uroporphyrin III — copropor- 
phyrin III, one would expect some coproporphyrin 
III to be formed from added uroporphyrin IIT in 
this system, where the existence of permeability 
barriers seems highly improbable, and in which 
indeed, uroporphyrin I is converted into copropor- 
phyrin I. All these findings would appear to 
favour the hypothesis that uroporphyrin III is not 
a normal intermediate of haem and protoporphyrin 
synthesis, but that it is relatively inefficiently con- 
verted into such an intermediate by a factor 
present in the whole haemolysate, but not in its 
supernatant preparation. It appears either that 
there is no similar factor capable of converting 
coproporphyrin III into an intermediate of haem 
biosynthesis, or that if such a factor exists, it 
must be very much less efficient. 

Demonstration of a system capable of convert- 
ing uroporphyrin I into coproporphyrin I is of 
considerable interest in view of the normal and 
pathological excretion of coproporphyrin I (ef. 
Weatherall, 1954). The detection of uroporphyrin I 
in the Waldenstrém porphyrin by its conversion into 
coproporphyrin I suggests that the haemolysate 
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Fig. 1. Suggested scheme for mechanism of haem biosynthesis from PBG. 


preparation might offer a sensitive and quanti- 
tative method for the detection of traces of uro- 
porphyrin I in mixtures of uroporphyrin isomers. 

The experiments described give no final answer 
to the question of the role of porphyrins as such in 
the intermediate pathway of haem biosynthesis. 
Our results show, however, that the free por- 
phyrins of the III isomer series are not readily 
utilized by the haemolysate, and, although they 
are synthesized de novo from glycine, the capacity 
for this is slight when compared with the synthesis 
of PBG and haem; it might be supposed, therefore, 
that they arise as side products during the syn- 
thesis. A consideration of all our findings has led 
us to believe that the intermediate pathway of 
haem biosynthesis might follow a scheme as out- 
lined in Fig. 1 (ef. Dresel, 1955). The number in 
each intermediate indicates the number of side 
chains possessing a carboxyl group, and X denotes 
a porphyrin-like structure common to all the 
intermediates which are not, however, true free 
porphyrins. A slight reversibility of the side 
reaction leading to uroporphyrin III is indicated. 
Further, a direct pathway for handling the I series 
porphyrins is suggested in view of our findings 
with the supernatant preparation. 

It is of interest that Bogorad (1955), using 
extracts of spinach leaf and Chlorella, has recently 
come to the conclusion that a colourless precursor 
of uroporphyrin, rather than true uroporphyrin, is 
the intermediate between PBG and porphyrins 
with seven to three carboxyl groups. Thus there is 
independent evidence for a non-porphyrin inter- 
mediate corresponding to 8X in Fig. 1. The origin 
of his porphyrins with seven to three carboxyl 
groups was not studied, but it is conceivable that 
they also arose as the result of side reactions as in 
rig: 1. 


SUMMARY 


1. The intermediate pathway of haem biosyn- 
thesis from glycine has been investigated with a 
chicken-erythrocyte haemolysate preparation. 

2. The incorporation of [«-!4C]glycine into haem 
and simultaneously into various added porphyrins 
and porphyrin precursors was studied. The results 
indicated that porphobilinogen, and probably also 


§-aminolaevulic acid, are true intermediates in the 
synthesis. None of the porphyrins tested, including 
uroporphyrin III, pseudouroporphyrin, copropor- 
phyrin III, haematoporphyrin IX and protopor- 
phyrin IX, behaved as true intermediates in the 
haemolysate preparation. 

3. Added uroporphyrin III gave rise to some 
free protoporphyrin in the whole haemolysate, but 
to neither proto- nor copro-porphyrin in the super- 
natant preparation. Some coproporphyrin I was 
formed from added uroporphyrin I in both pre- 
parations. 

4. The results are discussed, and it is suggested 
that some compounds related to the porphyrins, 
rather than the porphyrins themselves, are the 
true intermediates in haem biosynthesis. 
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97. FLAVIPIN, A CRYSTALLINE METABOLITE OF ASPERGILLUS FLAVIPES 
(BAINIER & SARTORY) THOM & CHURCH AND ASPERGILLUS TERREUS THOM* 
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The Aspergilli are divided by Thom & Raper (1945), 
mainly on morphological characters, into fourteen 
groups, two of which are of interest in the present 
communication. The Aspergillus flavipes group 
consists of a single species, A. flavipes (Bainier & 
Sartory) Thom & Church. The closely related A. 
terreus group includes three species, of which the 
commonest and most important is A. terreus Thom 
and its three varieties, boedijni (Bloch.) n.var., 
floccosus Shih and aureus n.var. It is interesting to 
note that old cultures of A. flavipes often resemble 
A. terreus, the two species being readily distin- 
guished, however, when young cultures are ex- 
amined. 

We have found that culture filtrates of one strain 
each of A. flavipes grown on Raulin—Thom solution 
and of A. terreus grown on Czapek—Dox solution 
give an intense blue-black ferric reaction and an 
immediate heavy red precipitate with Brady’s 
reagent (2:4-dinitrophenylhydrazine in aqueous 
2n hydrochloric acid). We have isolated in a state 
of purity the metabolic product responsible for 
these reactions and propose for it the trivial name 
flavipin, since it does not appear to have been 
described previously. 

There appears to be no published record of the 
isolation of any metabolic product of A. flavipes, 
although there are a number of references in the 
literature to the formation by this species of 
culture filtrates having an antibacterial spectrum 
similar to that of penicillin and containing a sub- 
stance which is destroyed by penicillinase. In 
marked contrast, different strains of A. terreus 
have been shown to produce a large variety of 


* Part 96: Galarraga, Neill & Raistrick (1955). 


metabolites, among which are: itaconic acid (Calam, 
Oxford & Raistrick, 1939); itatartaric acid 
HO,C.C (OH)(CH,.OH) .CH,.CO,H (Stodola, Fried- 
kin, Moyer & Coghill, 1945); expansine, C,H,O, 
(Kent & Heatley, 1945); terrein, C,H,,O,, and 
citrinin, C,3;H,,0; (Raistrick & Smith, 1935); 
geodin, C,,H,,0,Cl,, and erdin, C,,H,,O,Cl, (Rais- 
trick & Smith, 1936); and terreic acid, C,H,O,, 
from A. terreus var. aureus n.var. (Pansacker, 
Philpot, Jennings & Florey, 1947). 


Production of flavipin 

The influence of cultural conditions, and particu- 
larly of the composition of the culture medium 
used, on the course of mould metabolism is well 
illustrated by a comparison of the metabolism of 
A. flavipes with that of A. terreus. Thus we have 
shown that, although good yields of flavipin are 
produced by A. flavipes when grown on Raulin— 
Thom solution, no flavipin could be detected when 
this species was grown on Czapek—Dox solution. 
A. terreus, on the contrary, failed to produce any 
flavipin on Raulin—-Thom solution, though it gave 
moderate yields on Czapek—Dox solution. It was 
further shown that, whereas the optimum incu- 
bation period at 24° for maximum production of 
flavipin is 12-14 days with A. flavipes grown on 
Raulin-Thom medium, the corresponding time is 
7-9 days for A. terreus grown on Czapek—Dox 
medium. The results obtained showed clearly that 
flavipin cannot be regarded as an ‘end’ product of 
the metabolism of either species, since, after the 
concentration of flavipin in the culture fluid had 
reached a maximum, flavipin was decomposed at 
about the same rate as the glucose in the medium 
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was metabolized, and, in the case of A. terreus 
grown on Czapek—Dox solution, almost all the 
flavipin present at the peak of production had 
completely disappeared after 21 days’ incuba- 
tion. 

For the bulk preparation of flavipin, cultures of 
A. flavipes on Raulin-Thom solution were harvested 
after 12 days’ incubation at 24°. The culture fluid 
was separated by filtration from the mould myce- 
lium, lightly acidified with hydrochloric acid and 
exhaustively extracted with ether. The yellow— 
orange ether extract was dried and evaporated, 
giving crops of crude flavipin which were purified 
either by crystallization or, preferably, by subli- 
mation at 140° in high vacuum. The yields of 
flavipin which were obtained were 5-6 g. from 100 
flask cultures of A. flavipes, each containing 
350 ml. of Raulin-Thom solution, and about 2 g. 
from the same number of flask cultures of A. 
terreus on Czapek—Dox solution. 


Properties and structure of flavipin 


Flavipin, C,H,O;, sublimes as small pale-yellow 
rods, m.p. 233-234° (decomp.). It has no optical 
activity. It contains three active hydrogen atoms 
and one methyl group attached to carbon but no 
methoxyl group. It dissolves in aqueous sodium 
bicarbonate giving a yellow solution and in sodium 
hydroxide forming a solution which is initially 
cherry-red but quickly becomes brown. It has 
strong antifungal properties but is only weakly 
antibacterial. 

The following reactions of flavipin have some 
diagnostic value: an intense but unstable blue— 
black ferric reaction in aqueous solution; an im- 
mediate dark-red precipitate with Brady’s re- 
agent; reduction of ammoniacal silver nitrate at 
room temperature and of Fehling’s solution on 
boiling; a green coloration and a green precipitate 
with sodium—mercury amalgam in_ ethanolic 
solution, indicative of three vicinal phenolic groups 
(Bargellini, 1919). 

The following crystalline functional derivatives 
of flavipin have been prepared and characterized: 
(a) pentaacetylflavipin hydrate, C,,H,,O,,, colour- 
less rods, m.p. 180°, insoluble in cold aqueous 
sodium hydroxide and giving no ferric colour and 
no precipitate with Brady’s reagent; (b) mono- 
methyl ether, C,y>H,,O;, yellow needles, m.p. 
196—-197°; (c) diflavipin hexamethyl ether mono- 
hydrate, C,,H3)0,,, colourless needles, m.p. 138-5- 
139°, dissolves slowly in aqueous sodium hydr- 
oxide, gives no ferric reaction, but, on treatment 
with Brady’s reagent, gives (d) trimethylflavipin bis- 
2:4-dinitrophenylhydrazone, C,,H..0,,N,, orange 
needles, m.p. 216—-217°; (e) flavipin anhydro-2:4- 
dinitrophenylhydrazone, C,;H,,O,N,, deep-red rods, 
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m.p. above 300°; (f) flavipin 2:4-dinitropheny]l- 
hydrazine derivative, 


C,H ,0;.N, = CyH,O; + 2C,H,O,N, = H,O, 


red rods, m.p. 242—243° (decomp.); (g) hydrazine 
derivative of flavipin, 


C,H,0,N,=C,H,O; + N,H, —2H,0, 


by treatment of flavipin with hydrazine hydrate, 
yellow rods, m.p. above 300°, gives a blue-black 
ferric reaction but no precipitate with Brady’s 
reagent. 

The experimental evidence so far presented 
justifies the working hypothesis that the molecule 
of flavipin contains the following groups: one 
C-CH, group actually estimated; three hydroxyl 
groups, possibly vicinal; two carbonyl groups, 
probably aldehydic and adjacent to each other to 
explain the formation of the derivative C,H,O,N, 
on treatment with hydrazine hydrate. The em- 
pirical formula for flavipin, C,H,0;, may therefore 
be expanded to C,(CH;)(OH),(CHO),, and the 
probability emerges that flavipin is a fully sub- 
stituted benzene derivative, i.e. a diformyltri- 
hydroxymonomethylbenzene. Further, if the in- 
ferences made from the Bargellini test and from the 
hydrazine product of flavipin are correct, i.e. that 
the three hydroxyl groups and the two formyl 
groups are vicinal respectively to each other, only 
one benzenoid structural formula for flavipin is 
possible, i.e. structure (I). It will be shown later 
that this structure explains satisfactorily the forma- 
tion of the functional derivatives described above. 


CH; 

HO CHO 
HO CHO 
OH 
(I) 
Flavipin 


In order to establish structure (I) on a much 
sounder basis, a number of reaction and oxidation 
products of flavipin and its derivatives were in- 
vestigated. 

When flavipin was oxidized with alkaline hydro- 
gen peroxide a very vigorous and deep-seated 
reaction took place, leading to the complete dis- 
ruption of the molecule. The oxidation products 
identified were: (i) carbon dioxide equivalent to 
about 1-5 molecules per molecule of flavipin; (ii) 
formic acid equivalent to about 75 % of 2 molecules. 
This finding gives strong support to the view 
that flavipin contains two formyl groups; (ili) 
methylmalonic acid, HO,C.CH(CH;).CO,H, con- 
firming the presence of a C-CH, group in flavipin; 
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and (iv) hydroxymalonic acid (tartronic acid), 
HO,C.CH(OH).CO,H. 

The crude, oily, methylated flavipin, obtained by 
exhaustive methylation with dimethyl sulphate 
and anhydrous potassium carbonate in acetone, 
was refluxed with 40 % aqueous sodium hydroxide. 
A good yield of 4:5:6-trimethoxy-7-methylphtha- 
lide (II, R=CH,;) was isolated from the reaction 
products. The identity of the phthalide, which has 
not been described previously, was established by 
comparison with a synthetic specimen prepared by 
catalytic reduction with palladium and hydrogen 
of 7-chloromethyl-4:5:6-trimethoxyphthalide (II, 
R=CH,Cl) prepared by 
the trimethyl ether of gallic acid with formalde- 
hyde and concentrated hydrochloric acid (Edwards, 
Perkin & Stoyle, 1925; King & King, 1942). 


R CH, 
CH,.O r . f° CH,.0 7 
20 o 
CH. 0 NSN, CH. ds 
O.CH, O.CH, 
(II) (LIL) 
CO,H 
CH,.0 CO.H 
CH,.0 CO.H 
.CH, 
(LV) 


The crude, oily, methylated flavipin was oxidized 
with cold alkaline aqueous potassium permanga- 
nate. Two of the resulting oxidation products were 
identified as 4:5:6-trimethoxy-3-methylphthalic 
anhydride (III) and _ 4:5:6-trimethoxybenzene- 
1:2:3-tricarboxylic acid (IV), the identity of each of 
which was established by comparison with authen- 
tic specimens prepared by alkaline potassium 
permanganate oxidation respectively of 4:5:6- 
trimethoxy-7-methylphthalide in the cold and 7- 
chloromethy1-4:5:6-trimethoxyphthalide in boiling 
solution. 

Finally, pure crystalline diflavipin hexamethyl 
ether hydrate was oxidized with cold alkaline 
potassium permanganate and gave 4:5:6-trimeth- 
oxy-3-methylphthalic anhydride (III). 

Hence, the relative positions of the methyl group 
and the three hydroxyl groups in the flavipin 
molecule are established, and it now remains to 
confirm that the two remaining positions in the 
benzene ring are occupied by —CHO groups, as is 
postulated in structure (I) and is indicated in the 
reaction products (II, R=CH,) and (III). This was 


chloromethylation of 
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done by oxidizing with hot alkaline permanganate 
the phthalazine derivative of flavipin, C,H,O,N, 
(VI), which was prepared by treating flavipin with 
hydrazine hydrate. The resulting oxidation pro- 
duct (V) was identified as pyridazine-4:5-dicarboxy - 
lic acid by comparison with an authentic specimen 
prepared as described by Gabriel (1903) by hot 
permanganate oxidation of phthalazine (4:5- 
benzopyridazine) (VII), which was synthesized by 
treating phthalaldehyde with hydrazine hydrate 
(Gabriel & Pinkus, 1893). 


CH, 
CH 
HO,C N HO — 
HO,C ” HO a 
OH 
(V) (V1) 
CH 
ZN 
CH 


(VI) 


The conclusion that flavipin is a substituted o- 
phthalaldehyde is supported by the experimental 
finding mentioned previously that methylated 
flavipin is readily converted by boiling aqueous 
sodium hydroxide into 4:5:6-trimethoxy-7-methyl- 
phthalide (II, R=CH;), since o-phthalaldehyde 
itself is well known to undergo rearrangement 
under alkaline conditions to give o-hydroxymethy!l- 
benzoic acid, from which its lactone, phthalide, is 
readily formed on acidification. 

Flavipin may therefore be described systematic- 
ally as 1:2-diformy1-4:5:6-trihydroxy-3-methylben- 
zene (I). This unusual formulation, containing as it 
does five reactive substituents, is reflected in the 
unusual nature of some of its functional derivatives. 
Thus the product of the acetylation of flavipin with 
acetic anhydride and either sodium acetate or con- 
centrated sulphuric acid as catalyst is not a simple 
triacetyl derivative. It has the formula C,,H,,0,,, 
contains five acetyl groups and an extra molecule 
of water, and since it does not react with 2:4- 
dinitrophenylhydrazine, except on long standing 
and therefore probably because of hydrolysis, we 
suggest structure (VIII) for it. 

Diflavipin hexamethyl ether monohydrate, 
C.,H390,;,, is, as a molecular-weight estimation 
showed, a double molecule and its properties are 
illustrated in structure (IX). This structure is, 
however, not to be regarded as definitive since a 
number of isomers are possible. 
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The products formed by the interaction of 2:4- 
dinitrophenylhydrazine with flavipin and _ its 
derivatives are somewhat confusing. When the 
reaction is carried out in hot glacial acetic acid 
flavipin gives a product, C,,H,,0,,N,, crystallizing 
in red rods; this, however, does not appear to be a 
bis-2:4-dinitrophenylhydrazone, which would re- 
quire the formula C,,H,,0,,N,. It may be the 2:4- 
dinitrophenylhydrazine salt of a mono-2:4-dinitro- 
phenylhydrazone, since o-phthalaldehyde, when 
treated similarly, gives only a mono-2:4-dinitro- 
phenylhydrazone. In contradistinction, diflavipin 
hexamethy] ether monohydrate in ethanol solution 
gave, with 2:4-dinitrophenylhydrazine in aqueous 
2n hydrochloric acid, trimethylflavipin §bis-2:4- 
dinitrophenylhydrazone, C,,H,.0,,N,, as orange 
needles. Finally, when flavipin was heated in 
butanol solution with 2:4-dinitrophenylhydrazine 
the resulting product was flavipin anhydro-2:4- 
dinitrophenylhydrazone, C,;H,,O,N,, in deep-red 
rods. 

Fungistatic properties of flavipin 

Two other derivatives of o-phthalaldehyde have 
been described as mould metabolic products, i.e. 
gladiolic acid (X) from Penicillium gladioli 
Machacek (Brian, Curtis & Hemming, 1948; 
Grove, 1952; Raistrick & Ross, 1952) and cyclo- 
paldic acid (XI) from P. cyclopium Westling 
(Birkinshaw, Raistrick, Ross & Stickings, 1952). 


CO,H CO,H 
CH,.0 CHO CH,.0 CHO 
CH; CHO CH; CHO 
OH 
(X) (XI) 


It is interesting therefore to find that all three 
substances have pronounced fungistatic properties. 
When tested here against the conidia of Botrytis 
allii Munn in a germination medium at pH 3-5 by 
the technique described by Brian & Hemming 
(1945), 95-100% inhibition of germination was 
produced by flavipin at a concentration of 10-0 pg./ 
ml., by gladiolic acid at 10-0 pg./ml. and by cyclo- 
paldie acid at 2-5yg./ml. Under the same condi- 
tions, and at a concentration of 1-25,g./ml., 


flavipin produced 95-100 % inhibition of germina- 
tion of the conidia of the same strain of Aspergillus 
flavipes as was used in its preparation. 


Metabolic significance of flavipin 

Derivatives of 1:2:3-trihydroxybenzene (pyro- 
gallol), of which flavipin is obviously one, occur 
only rarely as fungal metabolic products. Bern- 
hard & Albrecht (1947) isolated gallic acid (3:4:5- 
trihydroxybenzoic acid) as a metabolite of Phy- 
comyces blakesleeanus Burgeff grown on a solution 
containing glucose, asparagine, yeast extract and 
aneurin in addition to mineral salts. Fuscin and 
dihydrofuscin were first described as antibacterial 
metabolites of the mould Oidiodendron fuscum 
Robak by Michael (1948), and Birkinshaw, 
Bracken, Michael & Raistrick (1951) described a 
number of their derivatives and breakdown 
products, one of which was shown to be 3:4:5- 
trihydroxyphenylacetic acid. Barton & Hendrick- 
son (1956) have correlated this experimental work 
in terms of constitutional formulae for fuscin (XII) 
and dihydrofuscin (XIII) and have confirmed their 
deductions by synthesis. 
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The origin of the 3:4:5-trihydroxyphenylacetic 
acid breakdown product of dihydrofuscin is indi- 
cated by the broken line in structure (XIII). 
Further, it is clear that flavipin, fuscin and dihydro- 
fuscin are closely related structurally, since they 
all potentially contain the basic structure (XIV). 


CS 


HO c= 


HO co 
H 
(XIV) 


EXPERIMENTAL 


Cultures 


(i) Aspergillus flavipes (Bainier & Sartory) Thom & 
Church, strain London School of Hygiene and Tropical 
Medicine (L.S.H.T.M.), catalogue no. S.M. 884, was isolated 
here by Mrs S. Marcus in 1952 from soil collected by her at 
Sidmouth. 

(ii) Aspergillus terreus Thom, strain L.S.H.T.M., cata- 
logue no. A. 465, was isolated here by Mrs Marcus in 1951 
from an Australian soil sample no. 52.1, kindly made 
available to us by Professor E. G. Hallsworth, University of 
Nottingham. 

Both these cultures were identified by Mr George Smith 
of this Department. 


Cultural conditions and characteristics 


(i) Raulin-Thom culture solution (glucose, 75-0 g.; tar- 
taric acid, 4-0 g.; ammonium tartrate, 4-0 g.; (NH,),HPO,, 
0-6 g.; (NH,).SO,, 0-25 g.; K,CO,, 0-6 g.; MgCO,, 0-4 g.; 
FeSO, ,7H,0, 0-07 g.; ZnSO,,7H,O, 0-07 g.; distilled water, 
1500 ml.) was used exclusively for the cultivation of A. 
flavipes and for the bulk preparation of flavipin. 

(ii) Czapek—-Dox culture solution (glucose, 50-0 g.; 
NaNO,, 2-0 g.; KH,PO,, 1-0 g.; KCl, 0-5 g.; MgSO, ,7H,0, 
0-5 g.; FeSO,,7H,O, 0-01 g.; distilled water, 1000 ml.) was 
used for the cultivation of A. terreus. 

Batches of 11. conical flasks, plugged with cotton wool 
and each containing 350 ml. of either solution (i) or (ii), were 
prepared and sterilized by steaming at 100° for 0-5 hr. on 
each of 3 consecutive days. The contents of the flasks were 


Table 1. 
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then inoculated with a spore suspension in sterile water of 
the appropriate mould grown for 14 days on malt-agar 
slopes, three flasks being sown from each slope. The inocu- 
lated flasks were incubated in the dark at 24°. 

After 7 days’ incubation the flask cultures of A. flavipes on 
Raulin-Thom solution contained a rather thin, granular, 
brown—purple mycelium with a purple-brown reverse and a 
deep-brown, clear culture fluid. After 14 days the mycelium 
had become folded and almost black and the dark-brown 
culture fluid contained much debris. The culture fluid in 
each case gave an intense purple—black or blue-black colour 
with aqueous FeCl, , slowly fading to purple—brown, and an 
immediate, very heavy, dark-red, amorphous precipitate 
with Brady’s reagent (0-32 % 2:4-dinitrophenylhydrazine in 
aqueous 2N-HCl). 

The well-formed mycelium in the 7-day cultures of A. 
terreus on Czapek—Dox solution was dull pale-yellow with 
an orange-yellow reverse and showed numerous orange- 
coloured drops after 14 days’ incubation. The culture fluid 
was orange—brown in colour and gave reactions with FeCl, 
and with Brady’s reagent which were very similar to but less 
intense than those given by the corresponding culture 
fluids of A. flavipes grown on Raulin—-Thom solution. 

When A. flavipes was grown on Czapek—Dox solution, 
although the mould grew normally, no indication of the 
formation of flavipin could be obtained since the culture 
fluid after either 7 or 14 day’s incubation gave negative 
ferric and Brady reactions. Contrariwise, when A. terreus 
was grown on Raulin-Thom solution, no reaction indicative 
of flavipin in the culture fluid could be obtained. 


Course of metabolism 


(i) A. flavipes. In order to follow the course of metabolism 
of A. flavipes and to determine the optimum time for 
harvesting, fifty flasks of Raulin-Thom medium were 
inoculated with this strain and incubated at 24°. Five sets of 
ten flasks, chosen at random, were harvested after incubat- 
ing for 7, 9, 12, 14 and 16 days respectively. The contents of 
each set of ten flasks were combined and filtered, and the 
following estimations were carried out on the filtrates. 
(1) pH. (2) Residual glucose, estimated polarimetrically, the 
initial concentration being 5-0%. (3) Crude flavipin. The 
culture filtrate was acidified with cone. HCl (3 ml./l.) and 
extracted three times with ether, 4 vol. of ether being used 
each time. The yellow-orange ethereal extract was dried 
over anhydrous Na,SO, and filtered and the solvent re- 
moved. The dried residue of crude flavipin was weighed. Its 
weight x 10 is recorded in Table 1, column 4. (4) An anti- 
fungal assay was carried out by using spores of Botrytis alliias 


Course of metabolism of Aspergillus flavipes strain S.M. 884 


grown on Raulin—Thom solution at 24° 


In columns 5-11, 0=no germination, 1=less than 1% germination, 3=50-90% germination, and 4=90-100% 


Antifungal assay against Botrytis allit 
Dilution of culture filtrate 





germination. 
Crude 
Incubation pH of Residual _flavipin 
period culture glucose  (g./100 c 
(days) filtrate (%) flasks) 1/4 
7 3-1-3-4 3-50 3-05 0 
9 3-1-3-4 3-45 5-36 0 
12 3-1-3-4 3-38 7-20 0 
14 2-9-3-1 3-10 7-39 0 
16 2-9-3-1 3-00 4-50 0 


1/8 1/16 1/32 1/64 1/128 1/256 
0 0 t 100% germination 

0 0 1 100% germination 

0 0 1 3 100% germination 
0 0 1 4 100% germination 
0 0 1 4 100% germination 
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the test organism and the germination medium of pH 3-5 as 
described by Brian & Hemming (1945). All the five culture 
filtrates gave the characteristic intense blue-black ferric 
colour and a heavy deep-red precipitate with Brady’s 
reagent. At no time did the culture filtrates show appreci- 
able antibacterial activity against either Staphylococcus 
aureus or Escherichia coli. Table 1 indicates clearly that the 
optimum incubation period is 12-14 days. 

(ii) A. terreus. The course of metabolism of A. terreus was 
followed in a similar fashion to that of A. flavipes, with the 
exception that an antifungal assay was not carried out. The 
results obtained are given in Table 2. The pH of the culture 
filtrate was between 6-1 and 6-4 in all nine tests, in all of 
which the characteristic ferric colour and red precipitate 
with Brady’s reagent were also observed. 

Table 2 indicates clearly that, in this case, the optimum 
incubation period is 7-9 days, after which time flavipin and 
glucose are metabolized at approximately the same rate. 





Isolation of flavipin 


The culture fluid from each batch of flask cultures (usually 
50-100) of A. flavipes on Raulin-Thom solution, harvested 
after 12 days’ incubation at 24°, or of A. terreus on Czapek— 
Dox solution after 9 days’ incubation, was separated from 
the mycelium by straining through muslin and was then 
clarified by filtration through a thin layer of kieselguhr. 

The A. flavipes culture filtrates, pH 3-1—3-4, were acidified 
with cone. HCI (1 ml./300 ml. of filtrate) and extracted with 
ether in a large countercurrent extraction apparatus with 
a bath temperature of 55°, four such extractions being 
necessary. The A. terreus filtrates, pH 6-1-6-4, gave a 
cleaner product when ether extracted without prior acidifica- 
tion, five extractions being necessary. The ether extracts 
from either mould were combined, dried over anhydrous 
Na,SO, and evaporated to low bulk (50-100 ml.). The solid 
crude flavipin, m.p. 190-215°, which separated was col- 
lected, together with a second small crop obtained on further 
concentration. Complete removal of the ether from the 
final mother liquors gave an intractable gum. Details of a 
number of batches of A. flavipes are given in Table 3, and of 
A. terreus in Table 4. 

It will be shown later that the most satisfactory method of 
purification of crude flavipin is by sublimation in a high 
vacuum at a bath temperature of 140°. Hence it became 
necessary to prove that this treatment does not lead to any 
decomposition of flavipin. This was done as follows. The 
culture filtrate (1500 ml.) from five flasks of A. flavipes 
grown on Raulin-Thom solution for 12 days was treated 
with Brady’s reagent (310 ml.). After standing for 0-5 hr. 
the resulting red precipitate was separated by centrifuging 
and was washed on the centrifuge twice with water, twice 
with ethanol and once with ether. The resulting solid was 
repeatedly crystallized from dimethylformamide, giving 
finally dark-red needles (49 mg.), m.p. 242—243° (decomp.) 
not depressed on admixture with the 2:4-dinitrophenyl- 
hydrazine derivative of the same m.p. prepared from 
flavipin purified by vacuum sublimation (see p. 401). The 
two specimens had also the same colour, crystalline form and 
analysis and gave the same purplish-red Neuberg reaction. 
(Found, on sample prepared from culture filtrate: C, 44-2; 
H, 3-2; N, 19-3. C,,H,,0,,Ns, i.e. 

C,H,O,: N.NH.C,H,(NO,). +C,H3(NO,)..NH.NH, 


requires C, 43-9; H, 3-2; N, 19-5 %.) 
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Incubation Residual Crude 
period glucose flavipin 
(days) (% (g./100 flasks) 

7 3-00 1-58 
8 2-80 1-30 
9 2-49 1-84 
10 2-38 1-27 
11 1-74 1-20 
le 1-19 0-63 
14 0-95 0:37 
17 0-58 0-38 
21 0-20 0-13 


Table 3. 
flavipes 
12 days 


grown on 


Yields of flavipin from 
Raulin-Thom solution for 


Residual Yield of No. of 
Batch glucose flavipin flasks 
no. (% (g.) in batch 
] 3-48 5:37 98 
2 3-46 3-65 84 
3 3-71 4:57 100 
4 3°55 5:33 97 
5 3°50 5:87 100 
6 3-28 4-58 100 
7 3-10 5-60 97 
8 3°25 6-30 97 
9 3-46 5-60 100 


Table 4. Yields of flavipin from Aspergillus terreus 


grown on Czapek—Dozx solution for 9 days 


Aspergillus 


Residual Yield of No. of 
Batch glucose flavipin flasks 
no. (% (g.) in batch 
1 2-18 1-40 59 
2 2-80 1-87 100 
d 2-28 2-14 100 


Purification of flavipin 

Crude flavipin may be crystallized from ethyl acetate, 
benzene, CHCl, or acetic acid, or from mixtures of these. 
This method of purification is not very satisfactory, since 
many crystallizations are necessary to reach a constant 
melting point, probably because of the marked thermo- 
lability of flavipin (especially in hydroxylicsolvents). How- 
ever, a single sublimation in high vacuum at a bath temper- 
ature of 140° raised the m.p. from 180—215° to 227° and gave 
material suitable for preparative and degradative work. 
Three further sublimations gave a product with a constant 
m.p. of 233-234° and of analytical purity. Specimens 
purified by crystallization or by sublimation gave com- 
parable analyses. 


General properties of flavipin 


Flavipin sublimes as small pale-yellow rods, m.p. 233- 
234° (decomp.) and crystallizes from solvents in yellow 
needles of the same m.p. (Found (a) on a recrystallized 
specimen from A. terreus: C, 55:2; H, 4-1; (b) on a sublimed 
specimen from A. flavipes: C, 54-9; H, 4-1; N, 8, Cl, nil; 
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C-CH;, 7:3; active H, 145%; mol.wt. (eryoscopic in 
dioxan), 194, 197. C,H,O; requires C, 55-1; H, 4-1; 1C-CH,, 
7-7; 3 active H, 1-54%; mol.wt. 196.) Flavipin shows no 
optical activity, is thermolabile and photosensitive. It is 
soluble in water, methanol, ethanol, ethyl acetate and 
acetone; slightly soluble in CHCl, and benzene, and in- 
soluble in light petroleum (b.p. 40-50°). It dissolves slowly 
in cold aqueous NaHCO, to give a yellow solution from 
which it is precipitated on acidification. Its solution in 
aqueous NaOH is initially cherry-red in colour and rapidly 
changes through orange to brown. It gives an orange 
solution in cold cone. H,SO,. An ethanolic solution of 
flavipin gives with ethanolic FeCl, an unstable steel-blue 
colour, increasing momentarily in depth of colour on dilu- 
tion with water and changing rapidly through reddish 
purple and orange to brown. An aqueous solution gives the 
following reactions: with aqueous FeCl,, an intense but 
transient blue-black colour, rapidly becoming brown; with 
CuSO,, a yellow precipitate insoluble in CHCl, ; with SnCl,, 
a heavy, pale-yellow precipitate; with neutral lead acetate 
a red precipitate; and with Brady’s reagent an immediate 
red precipitate. It immediately reduces ammoniacal 
AgNO,, and Fehling’s solution is turned to green in the cold 
and is reduced to Cu,O at 100°. It is readily oxidized by 
Doeuvre’s reagent with the formation of Hg, and by alkaline 
sodium hypoiodite with the formation of CHI,. Flavipin 
gives a positive result in the Bargellini (1919) test, i.e. a 
green colour and a green precipitate with sodium amalgam in 
ethanol, indicative of three vicinal hydroxyl groups. It gives 
a negative result in the following reactions: (i) Schiff’s 
reagent, the colour is not restored. (ii) The Gibbs (1927) test 
with 2:6-dichloroquinone chloroimide at pH 9-2. (iii) The 
nitrochromic acid test for primary and secondary alcoholic- 
OH groups (Fearon & Mitchell, 1932). (iv) No coupling with 
diazotized sulphanilic acid. When solid flavipin is exposed to 
the vapour of cone. NH, (d, 0-880) it quickly changes colour 
to dark brown. If then dissolved in aqueous cone. NH, it 
gives a deep olive-brown solution, slowly changing to 
brownish orange. 

Flavipin exhibits strong antifungal properties in in- 
hibiting the germination of Botrytis allit spores and, to an 
even greater extent, in inhibiting the germination of the 
spores of the strain of A. flavipes which produces it. It 
possesses only very weak antibacterial properties against 
either Staphylococcus aureus or Escherichia coli. 


Functional derivatives of flavipin 

Pentaacetylflavipin hydrate. A mixture of flavipin (0-2 g.), 
anhydrous sodium acetate (0-4 g.) and acetic anhydride 
(2 ml.) was kept at room temp. for 16 hr., since heating 
caused charring. The crude acetate (0-4 g.) recovered as a 
colourless, amorphous solid by the addition of ice, was 
crystallized from methanol (5 ml.) and cooled in acetone— 
solid CO,, giving colourless crystals (65 mg.) which were 
recrystallized from methanol. The acetate is dimorphic, slow 
and undisturbed cooling giving rods, m.p. 180-180-5°, while 
normal crystallization gives a mixture of needles and rods, 
m.p. 179-180° after rearrangement to the rod form at 
163-165°. (Found: C, 53:9; H, 4:85. CygH.90);, i.e. 
C,H,0,;,H,0,5Ac, requires C, 53-8; H, 4-75 %.) 

A mixture of flavipin (0-1 g.), acetic anhydride (1 ml.) and 
conc. H,SO, (1 drop) was warmed for a few seconds, cooled 
and treated with ice. The recovered colourless, crystalline 
product (0-19 g.), on crystallization from ethanol, gave an 
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acetate identical with that prepared by the previous method. 
[Found: C, 53-8; H, 4-7; C-CH,, 18-2 %; mol.wt. (eryoscopic 
in dioxan), 411. C,,H,90,, requires C, 53-8; H, 4-75; 6 C-CH,, 
21-25%; mol.wt. 424.] 

The acetate is insoluble in cold aqueous 2N-NaOH, gives 
no colour with FeCl, and no precipitate with Brady’s 
reagent, except on long standing, probably as a result of 
partial acid hydrolysis. 

2:4-Dinitrophenylhydrazine derivative of flavipin. A 
solution of 2:4-dinitrophenylhydrazine (0-45 g.) in almost 
boiling acetic acid (8 ml.) was added to a suspension of 
flavipin (0-2 g.) in cold acetic acid (2 ml.). A red crystalline 
precipitate formed almost immediately. The mixture was 
cooled, shaken intermittently and filtered after 0-5 hr. The 
collected crystals were washed with acetic acid, then with 
ethanol and finally with ether. The damp crystals were 
crystallized from dimethylformamide, giving red rods 
(84 mg.), and addition of an equal volume of methanol to the 
acetic acid mother liquors gave a second crop (130 mg.). 
Recrystallization from dimethylformamide gave the 2:4- 
dinitrophenylhydrazine derivative as red rods, m.p. 242—243° 
(decomp.), which gave a purplish-red Neuberg reaction, i.e. 
colour of solution in ethanolic NaOH. (Found: C, 44-1; H, 
3-2; N, 19-5. C.,H,,0,.N,requires C, 43-9; H, 3-2; N, 19-5 %.) 

o-Phthalaldehyde mono-2:4-dinitrophenylhydrazone. This 
derivative was prepared by treating phthalaldehyde (0-1 g.) 
in cold acetic acid (1 ml.) with 2:4-dinitrophenylhydrazine 
(0-22 g.) in hot acetic acid (4 ml.) exactly as described 
above. Crystallization of the crude product from dimethyl- 
formamide gave o-phthalaldehyde mono-2:4-dinitrophenyl- 
hydrazone as slender orange—yellow needles (0-1 g.), m.p. 
198-199° (decomp.), which gave a purplish-red Neuberg 
reaction. (Found: C, 53-7; H, 3-25; N, 17-6. C,,H,O;N, 
requires C, 53-5; H, 3-2; N, 17-38%.) 

Flavipin anhydro-2:4-dinitrophenylhydrazone. A solution 
of 2:4-dinitrophenylhydrazine (0-4 g.) in hot n-butanol 
(50 ml.) was added to a solution of flavipin (0-2 g.) in hot 
butanol (10 ml.), and the mixture was held at 80° for 5 min. 
The deep-red rods (0-26 g.) which separated were purified by 
chromatographing in benzene solution on a tale column and 
eluting with ether—benzene (50:50), followed by recrystalli- 
zation from benzene. Flavipin anhydro-2:4-dinitrophenyl- 
hydrazone was thus obtained as deep-red rods, m.p. >300°, 
which give a pure-blue colour with Neuberg’s reagent. 
(Found: C, 50-6; H, 3-0; N, 15-7. C,;H,o0,N, requires C, 
50-3; H, 2-8; N, 15-6%.) 

Flavipin monomethyl ether. An excess of a solution of 
diazomethane in ether was added to a suspension of flavipin 
(0-2 g.)inether. After standing at room temp. for 0-5 hr. the 
ether and residual diazomethane were removed. The result- 
ing oil, dissolved in benzene (20 ml.), was chromatographed 
on acid-washed alumina and was eluted with CHCl,. The 
residue obtained on removal of CHCl, was crystallized from 
CHCl, and sublimed in high vacuum at 130°, giving flavipin 
monomethyl ether (20 mg.) as stumpy yellow needles, m.p. 
196-197°. (Found: C, 56-8; H, 4-8; OMe, 15-2. C,9H,,0; 
requires C, 57-1; H, 4-8; 1 OMe, 14-:8%.) An ethanolic 
solution of the product gives with ethanolic FeCl, a reddish 
colour which quickly turns brown and finally green. It 
gives an orange precipitate with Brady’s reagent. All 
attempts to obtain a crystalline derivative by longer 
methylation with diazomethane, even in the presence of 
methanol, failed. 

Methylation of flavipin with dimethyl sulphate. (a) Brief 
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methylation. A mixture of flavipin (1 g.), dry acetone 
(75 ml.), anhydrous K,CO, (4 g.) and dimethyl sulphate 
(3 ml.) was refluxed for 1 hr., when the initial orange colour 
had changed to pale yellow. The mixture was filtered and the 
acetone was removed from the filtrate. The residual oil was 
dissolved in ether (30 ml.), and the solution, on long 
standing, ultimately gave long, colourless needles (0-61 g.), 
m.p. 94-106°, which were purified by continuous extraction 
in a Soxhlet apparatus with ether, in which the substance is 
not very soluble. Repetition of this process finally gave the 
substance as colourless needles with a constant m.p. of 
138-5-139°. (Found: C, 58-3, 57-9; H, 6-1, 6-3; OMe, 37-2, 
37-6; mol.wt. cryoscopic in dioxan, 441. C,,H390,,, i.e. 
[C,H;0,(OMe),],, H,O requires C, 58-2; H, 6-1; 6 OMe, 
37-7%; mol.wt. 494.) This substance, which, for con- 
venience, may be called diflavipin hexamethyl ether mono- 
hydrate, gives no ferric colour but gives a crystalline orange 
precipitate with Brady’s reagent. It dissolves slowly on 
shaking with aqueous 2N-NaOH. 

A solution of the methyl] ether (0-2 g.) in ethanol (10 ml.) 
was treated with Brady’s reagent (15 ml.). The resulting 
orange precipitate (0-12 g.) was collected and recrystallized 
from ethanol, giving trimethylflavipin bis-2:4-dinitrophenyl- 
hydrazone as slender orange needles, m.p. ,216—217° 
(decomp.), which gave an orange-red colour with Neuberg’s 
reagent. (Found: C, 48-1; H, 3-7; N, 19-1; OMe, 14-9. 
C.,H_.0,,N, requires C, 48-15; H, 3-75; N, 18-8; 3 OMe, 
15-6 %.) 

A mixture of flavipin (0-1 g.), m.p. 229-230° (decomp.), 
dry acetone (20 ml.) and anhydrous K,CO, (1-0 g.) was 
refluxed for 0-5 hr. The portion undissolved in acetone was 
separated by filtration, dissolved in water (5 ml.) and acidi- 
fied with cone. HCl. The resulting yellow precipitate A was 
collected, washed and dried. The acetone filtrate was con- 
centrated and acidified with HCl, giving a yellow precipitate 
B, which was combined with precipitate A, total wt. 78 mg., 
m.p. 230-231° (decomp.). A mixture with the starting 
material melted at 229-230° (decomp.). Hence the possi- 
bility may be ruled out that the structure of flavipin might 
have undergone rearrangement during methylation with 
dimethyl sulphate and K,CO, in acetone. 

(b) Prolonged methylation. Methylation for a longer time 
appeared to give a different methyl ether. A mixture of 
flavipin (1-0 g.), anhydrous K,CO, (4-0g.), dry acetone 
(50 ml.) and dimethyl sulphate (6-0 ml.) was refluxed for 
6 hr. Water (100 ml.) was added, and the acetone and 
residual dimethyl sulphate were removed by evaporation in 
vacuo. The methyl ether was extracted with ether, the 
extract was dried (Na,SO,) and evaporated. The residual oil 
(1-03 g.) was distilled in vacuo at 0-1 mm. and 111-116°, 
giving a colourless oil with a methoxyl content of 48-3 and 
48-7%, which set to a mass of colourless needles on long 
standing. C,,H;,0,,, i.e. thedimethyl ether of C,,H390,,, the 
hydrated form of diflavipin hexamethyl ether, requires 
47-5% of OMe for 8 OMe groups; C,H 2049, i.e. the di- 
methyl ether of C,,H,,0,9,the anhydrous form of diflavipin 
hexamethy] ether, requires 49-2 % of OMe for 8 OMe groups. 
However, this methyl ether, on treatment in ethanolic 
solution with Brady’s reagent as described above, gave a 
2:4-dinitrophenylhydrazone in slender orange needles, 
giving an orange-red Neuberg reaction and having m.p. and 
mixed m.p. 216-217° on admixture with the trimethyl- 
flavipin bis-2:4-dinitrophenylhydrazone of the same m.p. 
mentioned above. 


Phthalazine derivative of flavipin. (a) From hydrazine 
hydrate. A solution of flavipin (0-2 g.) and 50% hydrazine 
hydrate (0-1 ml.) in 50 % (v/v) aqueous ethanol (10 ml.) was 
kept at room temp. for some hours. The golden-yellow rods 
which separated were collected (0-15 g.) and recrystallized 
thrice from ethanol, giving the phthalazine derivative of 
flavipin as yellow rods, m.p. >300°. (Found: C, 56-05; H, 
3-9; N, 14:3. C,H,O,N, requires C, 56-0; H, 4-15; N, 145%.) 
In ethanolic solution it gives with ethanolic FeCl, a blue- 
black colour which becomes orange on the addition of water. 
It gives no precipitate with Brady’s reagent. Its solution in 
10% aqueous NH, becomes red in colour on acidification 
with acetic acid. 

(6b) From semicarbazide hydrochloride. A solution of 
flavipin (0-4 g.) in ethanol (5 ml.) was added to a solution of 
semicarbazide hydrochloride (0-8 g.) and sodium acetate 
(1-2 g.) in distilled water (20 ml.). The mixture was held at 
90° for 5 min. The crystals which separated on cooling were 
collected (0-225 g.), combined with a second crop (0-032 g.) 
from the concentrated mother liquors and crystallized from 
much hot water. The product, golden-yellow rods, m.p. 
>300°, gave similar reactions to those described in (a) 
above and the ultraviolet absorption spectra in ethanol of the 
two specimens were almost identical (see p. 404). (Found: 
C, 53-6; H, 4-4; N, 13-5. C,H,O,N.,4H,O requires C, 53-7; 
H, 4:5; N, 13-9%.) 


REACTION AND OXIDATION PRODUCTS OF 
FLAVIPIN AND ITS DERIVATIVES 


(a) Action of NaOH on methylated flavipin. Isolation of 
4:5:6-trimethoxy-7-methylphthalide (II). The crude oily 
methyl ether of flavipin (0:58 g.) obtained by methylation 
with dimethyl sulphate and K,CO, in acetone (see above) 
was refluxed for 15 min. with aqueous NaOH (10 ml. of 
40%). The cooled alkaline solution was extracted with ether. 
Removal of the solvent from the ether extract gave 314 mg. 
of unchanged starting material. The extracted alkaline 
solution was acidified to Congo red with HCl and kept over- 
night. The colourless crystals which separated were collected, 
washed with water and dried (227 mg.), m.p. 60-78°. They 
were purified by crystallization from ethanol + charcoal, then 
light petroleum (b.p. 80-100°) and finally by sublimation in 
high vacuum. The colourless crystalline sublimate melted at 
87-5-88-5°, not depressed on admixture with an authentic 
synthetic specimen of 4:5:6-trimethoxy-7-methylphthalide 
of the same m.p. (see p. 404). (Found: C, 60-4; H, 5-8; OMe, 
39-0. C,,H,,0; requires C, 60-5; H, 5-9; 3 OMe, 39-0%.) 

(b) Oxidation of flavipin with alkaline H,O,. Formation 
of CO., formic, methylmalonic and tartronic acids. H,0, 
(9:3 ml. of 90-100 vol.), followed by aqueous NaOH 
(20-0 ml. of N) were introduced through a tap funnel into a 
flask containing flavipin (1 g.) and through which a current 
of N, freed from O, and CO, was passed. The issuing gas was 
passed through bubblers, the first of which contained 
Brady’s reagent for the detection of volatile aldehydes or 
ketones, while the later ones contained standard Ba(OH),. 
The flask was immersed in ice water to moderate the 
initially very vigorous reaction. After 0-5 hr. the reaction 
mixture had become acid and was further acidified with HCl 
(20-0 ml. of x) to neutralize the NaOH initially added. N, 
was passed for a further 1-5 hr. No volatile aldehydes or 
ketones were detected. CO, (0-32 g. and 0-34 g. in duplicate 
experiments) equivalent to about 1-5 mol. was estimated. 
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The reaction solution was then distilled in vacuo to 
remove volatile acids completely, and its volume was main- 
tained by the addition of water. The distillate was titrated 
against N-NaOH and insix separate experiments the average 
amount of 10-3 ml. of n acid wasestimated ; cale. for 2 mol. of 
amonobasicacid = 10-2 ml.ofN. Formicacid was shown to be 
present in the distillate by the chromotropic acid test after 
reduction to formaldehyde, and in a quantitative estimation 
by the reduction of HgCl, to Hg,Cl, (Fincke, 1913) was 
shown to constitute about 75% of the total volatile acid. 

The reaction solution, from which volatile acids had been 
removed, was evaporated to dryness in vacuo. The resulting 
colourless crystalline solid was thoroughly dried in vacuo 
over conc. H,SO, and was then continuously extracted with 
Na-dried ether for 8 hr. The ether extract was evaporated to 
dryness, giving a colourless mass of gummy crystals, m.p. 
90-130° and decomposing at 140°. It had an average wt. in 
six experiments of 0-435 g. In aqueous solution it was 
strongly acid to Congo red and was obviously a mixture 
which could not, however, be separated either by crystalliza- 
tion or sublimation. Oxalic acid was present only in traces. 

A portion of the mixed non-volatile acids (0-185 g.) was 
neutralized to pH 6-7-7-0 with NaOH, and a solution of p- 
bromophenacyl bromide (0-74 g.) in ethanol (10 ml.) was 
added. The mixture was refluxed for 3 hr. and the colourless 
solid (0-26 g.), m.p. 137-139°, which separated on cooling 
was collected and crystallized from ethanol, giving colour- 
less needles, m.p. 161—-161-5°, not depressed on admixture 
with the authentic di-p-bromophenacyl ester of methyl- 
malonic acid, m.p. 163—164-5° (see p. 404). (Found: C, 46-8; 
H, 3-3; Br, 31-2. C.9H,,0,Br, requires C, 46-9; H, 3-15; Br, 
31-2%.) A second portion of the mixed non-volatile acids 
(107 mg.) was converted in a similar manner into the di-p- 
phenylphenacyl ester by heating with p-phenylphenacyl 
bromide (0-735 g.). The crude ester obtained (0-155 g.), 
m.p. 155-157°, was crystallized from ethanol, giving the di-p- 
phenylphenacyl ester of methylmalonic acid as colourless 
plates, m.p. 172-173-5°. A mixture of it with an authentic 
synthetic specimen, m.p. 176-177 5° (see p. 404), melted at 
175-176-5°. 

Tartronic acid was identified by paper chromatography as 
the second major constituent of the mixed non-volatile acids. 
Whatman’s no. 1 paper was used, water being the stationary 
phase and n-butanol containing 1% formic acid the mobile 
phase. Bromocresol purple was used for development. The 
following Ry values were obtained: (i) methylmalonic acid, 
0-88; (ii) tartronic acid, 0-62; (iii) equimolecular mixture of 
methylmalonic and tartronic acids, 0-875 and 0-60; the 
mixed non-volatile acids, 0-87 and 0-61. The presence of 
tartronic acid was confirmed by the fact that both authentic 
tartronic acid and the mixed non-volatile acids gave a deep 
cherry-red colour on heating with conc. H,SO, and re- 
sorcinol, and a red—purple colour rapidly changing to blue— 
purple on heating with conc. H,SO, and pyrogallol. Un- 
successful attempts to prepare either the p-bromophenacyl 
or p-phenylphenacyl esters of authentic tartronic acid 
explain the failure to detect the esters of this acid in the 
mixtures from which the corresponding esters of methyl- 
malonic acid were successfully isolated. 

(c) Oxidation of methylated flavipin with cold alkaline 
KMn0O,. Isolation of 4:5:6-trimethoxy-3-methylphthalic an- 
hydride (111) and 4:5:6-trimethoxybenzene-1:2:3-tricarboxylic 
acid (IV). A mixture of the crude oily methyl ether of 
flavipin (1-45 g.) made by methylation with dimethyl 
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sulphate and K,CO, in acetone (see p. 402), aqueous 
KMn0, (60 ml. of 5%) and saturated aqueous Na,CO, 
(27 ml. of 20%) was stirred at room temp. for 55 hr. The 
mixture was then acidified with dil. H,SO,, and SO, was 
passed to dissolve MnO,. The solution was again made 
alkaline with Na,CO, and extracted with ether to remove 
unoxidized flavipin methyl ether (0-21 g.). The extracted 
solution was reacidified with H,SO, and continuously 
extracted with ethyl acetate for 8 hr. The dried (Na,SO,) 
extract was freed from solvent and the crystalline residue 
(0-75 g.), m.p. 165-170°, was fractionally crystallized from 
hot water, giving fractions A, separating as colourless 
needles, and B, obtained as colourless rods on evaporation of 
the aqueous mother liquors. Fraction A. 0-15 g.; m.p. 90- 
108°, was purified by repeated sublimation in high vacuum 
to give colourless needles (0-13 g.), m.p. 110-111°, not 
depressed on admixture with authentic synthetic 4:5:6- 
trimethoxy-3-methylphthalic anhydride, m.p. 111-5-112° 
(see p. 405). (Found: C, 56-9; H, 5-1; OMe, 36-7; C-CH,, 5-7. 
Cy2H,.0, requires C, 57-15; H, 4-8; 3 OMe, 36-9; 1 C-CH,, 
6-0%.) The substance is not acid to litmus, does not dis- 
solve in cold aqueous NaHCO, or Na,CO,, but dissolves 
readily in hot aqueous NaOH. Fraction B. 0-34 g.; m.p. 
167-168°, was purified by crystallization from ethyl acetate— 
benzene, giving colourless rods, m.p. 172-5-173°, not de- 
pressed on admixture with authentic 4:5:6-trimethoxy- 
benzene-1:2:3-tricarboxylic acid, m.p. 174-5-175-5° (see 
p- 405). (Found: C, 48-1; H, 4-0; OMe, 30-7. C,.H,.0, 
requires C, 48-0; H, 4-0; 3 OMe, 31-0%.) 

(d) Oxidation of crystalline diflavipin hexamethyl ether 
hydrate with cold alkaline KMnO,. Isolation of 4:5:6-tri- 
methoxy-3-methylphthalic anhydride (III). This crystalline 
methy] ether (0-2 g.) was shaken for 48 hr. with a mixture of 
aqueous KMn0O, (7 ml. of 5%) and aqueous Na,CO, (4 ml. of 
20%). The weight of unchanged methy] ether recovered was 
40 mg. The oxidation product was worked up as described in 
section (c) above and gave a crystalline ethyl acetate 
extract (82 mg.) which was stirred with dilute aqueous 
Na,CO, (4ml.). The portion insoluble in Na,CO, was 
collected, dried and heated above its m.p. (109-111°) for 
2 min. Itwasthen sublimed in high vacuum at 100°, giving 
colourless needles (50 mg.), m.p. 111-5-112°, not depressed 
on admixture with authentic 4:5:6-trimethoxy-3-methyl- 
phthalic anhydride of the same m.p. 

(e) Oxidation of the phthalazine derivative of flavipin with 
alkaline KMnO,. Isolation of pyridazine-4:5-dicarboxylic 
acid (V). Aqueous KMnO, (3-7 g. in 185 ml. of water) was 
added at intervals over a period of 20 min. to a stirred 
mixture of the phthalazine derivative, C,H,0,N,, (0-84 g.) 
(see p. 402) in boiling water (80 ml.) and aqueous KOH 
(2-5 ml. of 2N). Excess of KMnO, was decomposed with 
ethanol and SO, was passed through the cooled solution to 
remove MnO,. The solution was acidified with H,SO, and 
extracted for 8 hr. with ethyl acetate. Removal of the 
solvent from the extract gave a sandy, crystalline oxidation 
product (0-47 g.), which was purified by three crystalliza- 
tions from boiling water + charcoal. Pyridazine-4:5-dicar- 
boxylic acid was thus obtained as colourless plates (0-16 g.), 
m.p. 212-5-213° (decomp.) alone or in admixture with an 
authentic synthetic specimen m.p. 209-210° (see p. 405). 
Both specimens began to decompose at 200°. Gabriel (1903) 
gives the m.p. as 212-213-5° with decomposition from 205°. 
(Found: C, 43-0; H, 2-7; N, 16-25. Cale. for Cg,H,O,N,: 
C, 42-9; H, 2-4; N, 16-7%.) 
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Table 5. Fungistatic activity of flavipin against Botrytis allii and Aspergillus flavipes 


at 24° and pH 3-5 or 6-0 


0 =no germination; (1) 


<1% germination; 1 =1-5% germination; 2 =5-50% germination; 3 =50-90 % germination; 





4=90-100%, i.e. complete germination; — =not tested. 
Conen. of flavipin (ug./ml.) 
AN 

f E. 
Organism pH 80 40 20 15 10 7-5 5 + 25 1:25 

Botrytis allii 3-5 — — 0 0 1 2 3 4 q — 

Aspergillus flavipes 3-5 = “= 0 —_— 0 _— 0 — 0 1 

A. flavipes 6-0 0 (1) (1) —- (1) — (1) — (1) 1 


Antifungal tests 


The fungistatic activity of flavipin was determined by the 
method described by Brian & Hemming (1945). A series of 
dilutions of flavipin in a sterile germination medium of the 
following composition were made up: glucose, 12-5 g.; 
ammonium tartrate, 1-00 g.; KH,PO,, 1-00g.; MgSO,,7H,O, 
0-50 g.; distilled water 1000 ml.; pH adjusted to either 3-5 or 
6-0. Each dilution was inoculated with the conidia of the 
fungus under test and then incubated for 24 hr. at 24°. The 
proportion of conidia which had germinated was deter- 
mined and the results obtained are given in Table 5, the 
degrees of inhibition being those adopted by Brian & 
Hemming (1945). 

The two test fungi used were the strain of Botrytis allii 
Munn used and kindly supplied by Dr P. W. Brian, and 
Aspergillus flavipes (Bainier & Sartory) Thom & Church, 
strain L.S.H.T.M. catalogue no. 8.M. 884, i.e. the same strain 
as was used in this work for the preparation of flavipin. 


Ultraviolet absorption spectra 


The spectra numbered 2, 3, 4, 6 and 7 given below were 
carried out in this Department in collaboration with 
Dr J. H. Birkinshaw. They were determined by means of a 
Hilger and Watts Uvispek spectrophotometer. We are 
indebted to Dr Gunhild Aulin-Erdtman for the spectra 
numbered 1 and 5. 

Numbers 1, 2, 3 and 4 were determined in dioxan solution, 
5, 6 and 7 in ethanol solution. The following results were 
obtained : 


(1) Flavipin, A 261 my. (log ¢ 4:37); 264 myp., 4-35; 
330 myz., 3-94 (broad band). 
(2) Pentaacetylflavipin hydrate. Inflexion at 256- 


257 mu., 2-23; 264 myu., 2°35. 

(3) Crystalline diflavipin hexamethyl ether hydrate. 
243-246 my., 3-03; 275-277 mu., 3-18; inflexion at 310- 
318 myz., 2-17. 

(4) Oily methyl ether, C,,H;,0,,. 279 my., 3-21. 

(5) 4:5:6-Trimethoxy-3-methylphthalic acid. 212 myz., 
4-45; inflexion at 240-250 mu., 3-7-3-8; 287 my., 3-17. 

(6) Phthalazine derivative via hydrazine hydrate. 
220 mu., 4:13; 283 my., 4:37; 385-386 my., 3-74. 

(7) Phthalazine derivative via semicarbazide hydro- 
chloride. 217 my., 4-03; 283 mu., 4-27; 384-387 my., 3-66. 


Infrared absorption spectrum 


The infrared absorption spectrum of flavipin was kindly 
determined for us by Dr G. Aulin-Erdtman and Dr K. E. 
Almin. They used a Perkin-Elmer single- beam (double-pass) 


instrument and determined the spectrum of freshly sub- 
limed flavipin in a solid mixture with KBr. They found the 
following absorption bands, the figures in brackets after 
each band indicating the percentage absorption: 3226 cm.-1 
(60%); 3067 (57); 1658 (79); 1639 (65) ; 1615 (61); 1489 (48); 
1454 (78); 1390 (57); 1349 (79); 1330 (75); 1303 (56); 1264 
(86); 1217 (69); 1145 (60); 1115 (81); 1060 (41); 1039 (31); 
1016 (35); 1002 (33); 972 (75); 932 (55); 765 (48). 


SYNTHESES 


Methylmalonic acid, HO,C.CH(CH,) .CO,H, was prepared 
by the hydrolysis of its diethyl ester, which was synthesized 
from diethyl malonate substantially as described by Conrad 
& Bischoff (1880). It forms colourless needles from ethyl 
acetate, m.p. 130-133-5° (decomp.). The m.p. given in the 
literature varies between 120° and 135° (decomp.). 

Di-p-bromophenacyl ester of methylmalonic acid was pre- 
pared from methylmalonic acid and p-bromophenacyl 
bromide as described on p. 403. The ester forms colourless 
plates, m.p. 163—-164-5°. (Found: C, 46-8; H, 3-3; Br, 32-1. 
Cy9H,,0,Br, requires C, 46-9; H, 3-15; Br, 31-2%. 

Di-p-phenylphenacyl ester of methylmalonic acid was pre- 
pared from methylmalonic acid and p-phenylphenacyl 
bromide as described on p. 403. The ester forms colourless 
plates, m.p. 176-177-5°. (Found: C, 75-7; H, 5-3. C3.H»,04, 
requires, C, 75-9; H, 5-2%.) 

7-Chloromethyl-4:5:6-trimethoxyphthalide was prepared 
according to the method of King & King (1942). A mixtureof 
the trimethyl] ether of gallic acid (Mauthner, 1932; 10 g.), 
aqueous formaldehyde (25 ml. of 40%) and cone. HCl 
(40 ml.) was refluxed for 20 min. in an oil bath at 140°. On 
cooling and addition of water, the oily reaction product 
solidified and was collected. It was fractionally crystallized 
from ethanol, giving, as the more soluble fraction, 7- 
chloromethy1-4:5:6-trimethoxy phthalide (3-88 g.) in colour- 
less needles, m.p. 84-85°. King & King (1942) give the m.p. 
as 85°. 

4:5:6-Trimethoxy-7-methylphthalide. A solution in ethanol 
of 7-chloromethyl-4:5:6-trimethoxyphthalide (1-0 g.) was 
shaken with a 5% palladium oxide on carbon catalyst 
(1-0 g.) in hydrogen at atmospheric pressure. The uptake of 
H, (95 ml.) was complete in 10min. The catalyst was 
removed by filtration and, on removal of the solvent from 
the filtrate, there remained long colourless needles (0-84 g.), 
m.p. 80-85°. Crystallization from ethanol gave 4:5:6- 
trimethoxy-7-methylphthalide as colourless needles, m.p. 
87-88-5°, not depressed on admixture with the product of 
the action of NaOH on methylated flavipin, m.p. 87:5- 
88-5° [see p. 402, section (a)]. (Found: C, 60-5; H, 5-9; 
C-CH,, 8-1. C,,H,,0; requires C, 60-5; H, 5-9; 1 C-CHs, 
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63%.) The substance is very soluble in ethanol, CHCl,, 
ethyl acetate, and moderately soluble in light petroleum 
(b.p. 80-100°). It can be readily sublimed in high vacuum. 

4:5:6-Trimethoxybenzene-1:2:3-tricarboxylic acid. 7-Chloro- 
methy1-4:5:6-trimethoxyphthalide (1-0 g.) was refluxed 
for 3 hr. with aqueous KOH (40 ml. of 0-03), and KMnO, 
(6-0 g.) was added at intervals. The residual KMnO, was 
then destroyed by adding methanol (1 ml.). Precipitated 
MnO, was separated by filtration and oxalic acid was re- 
moved from the filtrate by adjusting the pH to 2-0 with HCl 
and addition of CaCl,. Precipitated calcium oxalate was 
removed by centrifuging, and the clear supernatant, after 
further acidification with conc. HCl (3-0 ml.), was con- 
tinuously extracted with ethyl acetate for 8 hr. The extract 
was dried (Na,SO,) and the solvent removed to give slightly 
gummy needles (0-42 g.) which were purified by erystalliza- 
tion from dry ethyl acetate+charcoal, giving 4:5:6- 
trimethoxybenzene-1:2:3-tricarboxylic acid as colourless rods, 
m.p. 174-5-175-5°, which did not depress the m.p. 172-5- 
173° of the KMnO, oxidation product of the oily methyl 
ether of flavipin [see section (c), fraction B, p. 403]. (Found: 
C, 48-25; H, 4-2; OCH, 31-0. C,,H,.0, requires C, 48-0; 
H, 4:0; 3 OMe, 31-0%.) 

4:5:6-T'rimethoxy-3-methylphthalic anhydride. 4:5:6-Tri- 
methoxy-7-methylphthalide (0-23 g.) was refluxed for 
10 min. with aqueous KOH (37 ml. of 0-03N). KMn0O, 
(1-0 g. in H,O, 25 ml.) was added to the cooled solution which 
was kept at room temp. for 24 hr. Excess of KMnO, and 
MnO, were removed as described above. The residual 
solution was strongly acidified with HCl, saturated with 
NaCland thoroughly extracted with ethylacetate. Removal 
of the solvent from the extract gave a colourless product 
(0-17 g.) from which free acid was removed by shaking its 
solution in ether with aqueous NaHCO,. The extracted 
ether solution was evaporated to dryness and the residue 
was purified by repeated sublimation in high vacuum at 
100° and crystallization from light petroleum (b.p. 80-100°), 
giving 4:5:6-trimethoxy-3-methylphthalic anhydride as colour- 
less needles, m.p. 111-5—112°, not depressing the m.p. 111-5— 
112° of the KMnO, oxidation product of diflavipin hexa- 
methyl ether monohydrate [see section (d), p. 403]. (Found: 
C, 57-2; H, 4:9; OMe, 36-9. C,,H,.0, requires C, 57-1; 
H, 4-8; 3 OMe, 36:9%. 

Pyridazine-4:5-dicarboxylic acid (Gabriel, 1903). Phthal- 
azine (Gabriel & Pinkus, 1893) was synthesized by treating 
a mixture of phthalaldehyde (3-0 g.), NaOH (33 ml. of 2N) 
and water (100 ml.) with hydrazine sulphate (3-4 g.). The 
mixture was well shaken, concentrated to 20 ml. and 
extracted with benzene. The benzene solution was ex- 
tracted with HCl and the extract was made alkaline and was 
re-extracted with benzene. Removal of the benzene gave 
crude phthalazine (1-5 g.). 

Aqueous KMnO, (100 ml. of 2-5%) was added gradually 
toa mixture, kept boiling, of phthalazine (0-4 g.) and NaOH 
(1 ml. of 2n). Excess of KMnO, and precipitated MnO, 
were removed as described above. The filtrate was concen- 
trated to 5 ml., acidified with H,SO, and extracted with 
ethyl acetate. After removal of the solvent the pale-brown 
solid residue (0-10 g.) was purified by sublimation in high 
vacuum at 120° and crystallization from ethyl acetate. 
Pyridazine-4:5-dicarboxylic acid was thus obtained as 
colourless plates, m.p. 209-210° (decomp.), which did not 
depress the m.p. of the KMnO, oxidation product of the 
phthalazine derivative of flavipin [see section (e), p. 403). 


SUMMARY 


1. A hitherto undescribed mould metabolite, 
now named flavipin, has been isolated from culture 
filtrates of Aspergillus flavipes (Bainier & Sartory) 
Thom & Church grown on Raulin—Thom solution 
and of A. terreus Thom grown on Czapek—Dox 
solution. 

2. Flavipin, C,H,O;, forms pale-yellow rods, 
m.p. 233—234° (decomp.). 

3. A number of its functional derivatives and 
degradation products are described, from the 
structures of which it is deduced that flavipin is 
1:2-diformy1-4:5:6-trihydroxy-3-methylbenzene. 

4. Flavipin is the third mould metabolite to be 
described which is a substituted o-phthalaldehyde, 
the other two being gladiolic acid from Penicillium 
gladioli Machacek and cyclopaldic acid from P. 
cyclopium Westling. All three substances are 
powerful antifungal agents. 

5. Flavipin is also a substituted pyrogallol, a 
class of compounds which occur only rarely as 
fungal metabolic products. 


One of us (P.R.) wishes to thank the Agricultural Re- 
search Council for an Agricultural Research Studentship 
which has enabled him to take part in this work. We are also 
grateful to Professor and Mrs Holger Erdtman of the Royal 
Technical High School, Stockholm, and to Professor D. H. R. 
Barton, F.R.S., for many helpful discussions on the structure 
of flavipin. 
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The Identification of the Major Diazotizable Metabolite 
of 4:4’-Diaminodiphenyl Sulphone in Rabbit Urine 
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(Received 16 September 1955) 


Titus & Bernstein (1949), while studying the phar- 
macology of water-soluble disubstituted derivatives 
of 4:4’-diaminodipheny] sulphone (DADPS) in mice 
and dogs, found that DADPS itself was excreted 
mainly as a water-soluble substance which was 
readily hydrolysed by dilute acid to free DADPS. 
Lowe (1952) also reported a similar change in the 
drug given to man for the treatment of leprosy and 
showed that as much as 80% of the diazotizable 
material excreted in the urine was present in this 
form. 

DADPS is regarded as the most effective drug 
available for the treatment of leprosy and in view 
of the low proportion of the drug excreted in the 
free form it seemed probable, especially if the water- 
soluble derivative were also the major constituent 
in the blood, that the antileprotic activity of the 
drug was due to this acid-labile metabolite. We 
therefore examined by paper chromatography and 
paper ionophoresis the excretion products of 
DADPS, and in a preliminary communication 
(Bushby & Woiwod, 1955) we reported the isolation 
of the major diazotizable excretion product from 
rabbit urine and its identification as a monoconju- 
gate with glucuronic acid. We also reported the 
synthesis of the conjugate. In this paper the syn- 
thesis of this conjugate is described, and the 
evidence for its presence in urine and blood is 
presented. 

EXPERIMENTAL 

Paper chromatography. The apparatus and procedures 
used were those of Woiwod (1949). The solvents used were 
n-butanol saturated with water, n-butanol-acetic acid— 
water (12-5:3:12-5, by vol.), phenol saturated with water 
and n-propanol-n-butanol—-water (2:3:5, by vol.). No. 4 
Whatman papers were washed with several changes of 
distilled water in an enamelled tray and dried at 37° 


before use. 


Ionophoresis. Samples were run on strips of no.4 Whatman 
paper with 0-05m-Na,HPO, as electrolyte and a potential 
gradient of 7-0v/cm. 

Detection of primary aromatic amino groups. Two reagent 
sprays were used. (1) A 1% (w/v) solution of p-dimethyl- 
aminobenzaldehyde in 20% (v/v) cone. HCl-ethanol, 
diluted with 19 vol. of ethanol just before use. Colour was 
developed at room temp. To avoid background coloration 
the ethanol was redistilled from KOH and KMnQ,. (2) A 
solution of NaNO, [05% (w/v) in 20% (v/v) n-HCI- 
ethanol], followed, after the paper had nearly dried, by 
0-1% (w/v) N-(1-naphthyl)ethylenediamine dihydro- 
chloride in the same solvent. 

Detection of glucuronic acid. Aniline hydrogen phthalate, 
benzidine and naphthoresorcinol sprays were used. The 
sensitivity of the last two reagents was markedly improved 
by using phosphoric acid in the spray as suggested by 
Bryson & Mitchell (1951). 

Estimation of glucuronic acid. Glucuronic acid in material 
eluted from paper was determined either by the copper- 
reduction method of Shaffer & Somogyi (1933) or the colori- 
metric procedure of Jones (1954). The latter gave much less 
colour with glucuronic acid than with glucose and other 
reducing sugars owing to the SnCl, in the reagent. When this 
was replaced by Na,SO, the colour obtained with glu- 
curonic acid equalled that given by glucose. The modified 
reagent consisted of 0-2% (w/v) benzidine in acetic acid 
containing 0-05 % (w/v) Na,SO,. The fine precipitate which 
formed was filtered off after 30 min. and the reagent was used 
immediately. 


Synthesis of the sodium salt of the acid-labile 
conjugate of DADPS with glucuronic acid 


Sodium glucuronate (4-3 g.) in 15 ml. of water adjusted to 
pH 5-5 was added to diaminodiphenyl sulphone (5 g.) in 
15 ml. of acetone. The mixture was refluxed for 1 hr., 100 ml. 
of water added, the precipitated DADPS removed by filtra- 
tion and the filtrate concentrated in vacuo to about 50 ml. 
Afteradjustment to pH 7-0, the solution was extracted three 
times with equal volumes of phenol equilibrated with 
0-067m phosphate buffer (pH 7-4). This extracted a large 
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part of the sodium salt of the monoconjugate of DADPS and 
glucuronic acid, and left a considerable amount of the 
unchanged sodium glucuronate and the sodium salt of the 
diconjugate. The phenol in the extract was removed with 
ether and the resulting solution freeze-dried. Chromato- 
grams ofa solution of this solid run in n-propanol-n-butanol-— 
water showed, besides the diconjugate (R, 0-05) and mono- 
conjugate (Rp 0-33), whose identities were established by 
determining in eluates the ratio of DADPS to glucuronic 
acid, two minor substances (Rp 0-38 and 0-45) reacting with 
p-dimethylaminobenzaldehyde. Purification of the sodium 
salt of the monoconjugate was carried out by preparative 
paper chromatography with the same solvent; the mono- 
conjugate was eluted with water and freeze-dried im- 
mediately to avoid decomposition. The amorphous white 
solid obtained (about 1-25 g.) contained a little impurity 
from the paper, but was 98 % pure as judged by its content 
of DADPS and glucuronic acid. (Found: C,'47-8; H, 4-3; 
N, 6-0. C,,H,gO0,N.SNa requires C, 48-5; H, 4-3; N, 63%.) 
The sodium salt was readily soluble in water, sparingly 
soluble in methanol and hot ethanol but insoluble in chloro- 
form, carbon tetrachloride and benzene. All attempts to 
crystallize the product were unsuccessful. The free acid 
could not be prepared from the sodium salt, as at pH values 
below 4-5 rapid decomposition to DADPS and glucuronic 
acid occurred. 


Isolation and analysis of the glucuronic acid 
conjugate of DADPS from rabbit urine 


The urine of rabbits given DADPS (100 mg./kg. by 
stomach tube) did not apparently contain DADPS in 
acetylated form, since the concentration of the drug as 
determined by the method of Bratton & Marshall (1939) 
was the same before and after acid hydrolysis. However, 
paper chromatography in w-butanol—-water, n-propanol-n- 
butanol—water and phenol showed that the drug was excreted 
both free and as a conjugate running considerably slowerthan 
the free drug. This conjugate was acid-labile and was decom- 
posed on chromatograms run in n-butanol-acetic acid to 
yield glucuronic acid and a substance with an R,p the same as 
that of DADPS. n-HCl at room temperature also decom- 
posed the conjugate to glucuronic acid and a substance 
chromatographically and ionophoretically identical with 
DADPS. 

The amount of free DADPS in urines varied with the pH; 
no free DADPS was detected, either by chromatography or 
by solvent extraction in neutral or alkaline urines. In acid 
urine, however, the free DADPS content was high, and 
increased with increasing acidity and on storage; this 
suggests that breakdown could occur in the bladder. The 
best yields of the metabolite for preparative work were 
obtained by injecting sodium citrate intraperitoneally 
(600 mg./kg.) 0-5 hr. before the DADPS (100 mg./kg.) was 
administered. The urine was collected for 4-6 hr., the pH 
was checked and the DADPS content estimated; the 
samples were then freeze-dried. 

The pooled freeze-dried urine of several rabbits was 
dissolved in distilled water, insoluble matter was removed 
by centrifuging and the supernatant chromatographed with 
n-propanol—n-butanol—water on paper (about 1 g. of solids/ 
16 sheets of paper). The conjugate was eluted from the 
dried sheets with distilled water and the eluate was checked 
for DADPS equivalent by the Bratton & Marshall (1939) 
procedure. A second chromatographic separation was 
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carried out on the pooled freeze-dried eluates. The final 
eluate, which was between 60 and 70% pure on a DADPS 
basis, assuming a monoconjugate with glucuronic acid, was 
freeze-dried. A solution of the solid decomposed on chro- 
matograms run in n-butanol-acetic acid to glucuronic acid 
and DADPS. The identity of DADPS was confirmed by 
isolation of crystals with m.p. 176°, unchanged by admixture 
with authentic DADPS (m.p. 177°). The diacetyl derivative 
had m.p. 284-286°, unchanged by admixture with the 
diacetyl derivative of DADPS (m.p. 284-286°). The 
glucuronic acid: DADPS ratio of the conjugate was ob- 
tained by determining the glucuronic acid content of the 
acidified solution after the DADPS had been extracted. The 
colorimetric method gave a ratio of glucuronic acid to 
DADPS of 1:1, and the copper-reduction method 1-15:1. 
The latter suggested that small quantities of reducing sub- 
stances which did not react in the colorimetric method were 
extracted with the conjugate. On ionophoresis in 0-05m- 
Na,HPO, the conjugate migrated towards the anode; 
DADPS moves towards the cathode. From this it was con- 
cluded that the carboxyl group of the glucuronic acid was 
free. The synthetic monoconjugate of glucuronic acid and 
DADPS matched the isolated conjugate exactly, both 
chromatographically and ionophoretically. 


Detection and estimation of conjugate in rabbit plasma 


A rabbit given DADPS (100 mg./kg.) orally was killed 
and bled out after 2 hr. The blood had activity, approxi- 
mately equal to 1 mg. of DADPS/100 ml. as measured by 
the method of Bratton & Marshall (1939); 70% of this was 
not extracted by organic solvents. The plasma (53 ml.) was 
freeze-dried and 1g. of the solid was extracted with 
methanol. The extract was dried down and the residue re- 
extracted with a small volume of methanol; much solid 
material remained undissolved. When chromatographed in 
n-propanol-n-butanol—-water the extract showed, besides 
free DADPS, a substance with the same R, as a sample of 
synthetic monoconjugate which had been added to serum 
and extracted in a similar manner. In both cases the spot 
was displaced from the usual position, due to the high con- 
tent of methanol-soluble material in the extract. Both 
samples decomposed on butanol-acetic acid chromatograms 
and had identical ionophoretic mobilities in 0-05 mM-Na,HPO,. 
The very small amounts available precluded further 
characterization, but these results suggested that the 
monoconjugate of DADPS and glucuronic acid isolated 
from urine was also circulating in the blood of the rabbit. 


DISCUSSION 


These investigations show that after oral admin- 
istration to the rabbit detectable DADPS is present 
in the plasma and the urine almost entirely as a 
monoconjugate with glucuronic acid. The propor- 
tion present in the urine in this form depends upon 
the pH of the urine; in acid urine breakdown occurs 
in the bladder so that the proportion of free DADPS 
is relatively high. Although the exact nature of the 
bond uniting DADPS and glucuronic acid is un- 
known, the ionophoretic behaviour of the conjugate 
indicates that the carboxyl group of the glucuronic 
acid is free and the isolation of intact DADPS after 
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mild acid hydrolysis precludes any form of phenolic 
glucuronide formation. Bushby & Woiwod (1955) 
assumed from analogy with 4:4’-diaminodiphenyl 
sulphone N N’-didextrose sulphonate (Promin) that 
the linkage was through an anil bond. Such a 
linkage might explain the sugar-containing meta- 
bolite of 3:5-dibromosulphanilamide isolated from 
human urine by McChesney (1947), and also the so- 
called labile glucuronides found by Smith & 
Williams (1949a, 6) in the urine of rabbits fed on 
aniline and phenetidine. However, Boyland & 
Manson (1955) have found in the urine of rabbits 
given naphthylamine a conjugate of naphthylamine 
with glucuronic acid which resembles our conjugate 
in its lability to acid and to which they ascribe an 
N-glucosiduronic acid structure. This they sug- 
gested could also be the structure of the labile 
glucosiduronates reported by Smith & Williams 
(19494, b). 

Although this report is concerned with the meta- 
bolism of DADPS in the rabbit and the mono- 
conjugate of DADPS and glucuronic acid has so far 
been identified only in this animal, preliminary 
experiments (Bushby & Woiwod, 1955) show that 
the drug is excreted by man as a monoconjugate 
with glucuronic acid, though the linkage may 
possibly be that of a phenolic glucuronide rather 
than that of an anil. Monosubstituted derivatives of 
DADPS are known to have antileprotic and anti- 
tubercular activity (Cochrane, 1952; Smith, Jackson 
& Bauer, 1949). Therefore, in view of the high pro- 
portion of DADPS present in the body in a mono- 
conjugated form, these observations may be of 
chemotherapeutic importance. 


S. R. M. BUSHBY AND A. J. WOIWOD 
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SUMMARY 


1. The major diazotizable metabolite of 4:4’- 
diaminodiphenyl sulphone (DADPS) has _ been 
isolated from rabbit urine and identified as a 
glucuronic acid conjugate. 

2. One molecule of DADPS is combined with one 
of the acid, and ionophoresis shows that the 
carboxy] group of the acid is free. The metabolite is 
acid-labile and breaks down to glucuronic acid and 
DADPS. The conjugation is therefore probably 
between the aldehydic carbon and the nitrogen of 
one of the amino groups, and the linkage may be 
either that of an anil or an N-glucosiduronic 
structure. 

3. The metabolite has been synthesized. 
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Studies in Carotenogenesis 
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The studies of Engelmann (1883, 1888), later con- 
firmed by Molisch (1907) and Buder (1919), had 
established that purple bacteria can respond by 
phototaxis, reversing the direction of their motion 
when experiencing a sudden drop in light intensity. 
Hence the bacteria tend to accumulate in areas 
where the light intensity is perceived as highest. In 
a spectrum they aggregate in bands whose position 


* Part 20: Goodwin & Land (19562). 


indicates which wavelengths are most effectively 
absorbed. Pertinent experiments had indicated 
that the accumulation bands coincide with regions 
of maximum absorption by both the green (chloro- 
phyllous) and the red (carotenoid) pigments of 
the organisms. Thus a simple and satisfactory 
picture had emerged. However, as our know- 
ledge of the carotenoids of the purple bacteria 
developed, some curious inconsistencies became 
apparent. 
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It has been shown that Rhodospirillum rubrum 
contains spirilloxanthin as its main if not only 
carotenoid (van Niel & Smith, 1935; Polgaér, van 
Neil & Zechmeister, 1944; Goodwin & Osman, 
1953). To this pigment are attributable the ab- 
sorption maxima of the bacteria at 550, 510 and 
480 mp. Both Molisch (1907) and Buder (1919) 
detected accumulation by phototaxis of red spirilla, 
not at 550, but at 530 my., where absorption by 
spirilloxanthin is at a minimum. This discrepancy 
was not commented on till 1944. Based on the 
finding that some types of photosynthetic spirilla do 
not produce spirilloxanthin but, instead, other caro- 
tenoids with absorption maxima around 530 mz., 
the suggestion was then made (van Niel, 1944, 
pp. 55, 66-68) that Molisch and Buder might have 
used such brownish rather than red spirilla for their 
phototaxis experiments. From the study of Gies- 
berger (1947), it is evident that the brown spirilla 
are quite as common in nature as are the red ones. 

Nevertheless, this suggestion fails to explain 
some recent results, notably the action spectrum 
for phototaxis of Rsp. rubrum determined by 
Manten (1948) and Milatz & Manten (1953), which, 
too, has maxima at 530 and 490, and a minimum at 
550 mp. Manten concluded that spirilloxanthin is 
not involved in inducing phototaxis, which is 
actually associated with a minor carotenoid with 
absorption maxima at 530 and 490 muz., and stated 
that ‘the hypothesis of a complete identity of the 
bands of accumulation in a spectrum and the 
location of the absorption bands of a suspension of 
living cells in the green and blue regions, as generally 
accepted since Engelmann, however, must be 
refuted’ (Manten, 1948, p. 47, footnote). 

Manten further deduced that the response by 
phototaxis is the result of a sudden drop in the 
photosynthetic rate. This deduction has been 
supported by later studies (Thomas & Nijenhuis, 
1950; Clayton, 19534, b, c, 1955a, b, c). Especially 
significant are the photosynthetic action spectra 
(Thomas, 1950; Thomas & Goedheer, 1953) which 
again show maxima at 530 and 490, and a minimum 
at 550 mp. Hence Thomas inferred that the major 
pigment of Rsp. rubrum is ineffective as a collector 
of radiant energy for photosynthesis, in contrast to 
a minor one with the requisite absorption character- 
istics, 

The inner consistency of these results and con- 
clusions is, however, marred by the action spectrum 
for phototaxis of Rsp. rubrum determined by 
Clayton (1953a); it shows maxima at positions 
coinciding with the absorption maxima of both 
spirilloxanthin and another carotenoid, presumably 
the one to which Manten ascribed all activity in the 


green region. Furthermore, preliminary experi- 


ments with L. R. Blinks (unpublished work; see van 
Niel, 1954) have indicated that Rsp. rubrum can 
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carry out a normal photosynthesis with radiant 
energy primarily absorbed by spirilloxanthin. To be 
sure, the differences in action spectra for phototaxis 
found by Manten and Clayton respectively may be 
tentatively ascribed to differences in the strains of 
Rsp. rubrum used in the investigations (Clayton, 
1953a). But such an explanation is not wholly 
satisfactory, because it introduces a new difficulty, 
namely, the need to understand why the major 
carotenoid, spirilloxanthin, sometimes does and 
sometimes does not function as appropriate photo- 
sensitizer for phototaxis and photosynthesis. 

Another interpretation has now been found 
which can account for the observed. facts in a 
simpler manner. This is based upon the report of 
Duysens (1952) that the absorption spectrum of 
Rsp. rubrum changes with the age of the culture. 
Fully corroborated by systematic measurements 
(van Niel & Airth, unpublished work; see van Niel, 
1954), it now appears that the absorption maxima of 
spirilloxanthin are undetectable in cultures of Rsp. 
rubrum growing exponentially; such cultures con- 
tain, instead, considerable amounts of pigments 
with absorption maxima at about 530, 490 and 
460 my., whereas in old cultures these carotenoids 
are almost completely absent and spirilloxanthin 
becomes predominant. Thus the alleged inactivity 
of spirilloxanthin, deduced from the lack of an 
action maximum at 550 my., may be due merely to 
the fact that spirilloxanthin was not (yet) present in 
sufficient quantity to effect an observable action 
maximum at this wavelength. Confirmation of this 
view is supplied by the absorption spectra published 
by Thomas & Goedheer (1953, Fig. 3). 

Since, for the isolation of carotenoid pigments 
from bacteria, one is likely to use cultures that have 
reached their maximum density, the previous 
experience that spirilloxanthin is the main caro- 
tenoid cof Rsp. rubrum, based as it is on the actual 
isolation of this substance, is fully understandable. 
Conversely, the predilection for physiologically 
young cultures in studies on phototaxis and photo- 
synthesis implies that the organisms used are apt 
not yet to contain this pigment to any appreciable 
extent, so that its physiological role cannot make 
itself felt. 

The unexpected differences in carotenoid com- 
position of young and old cultures of Rsp. rubrum 
have raised the problem of interpreting this change 
in detail. The following study presents the results of 
an attempt in this direction. A brief preliminary 
report has already been given (Goodwin & Sissins, 
1955). 


EXPERIMENTAL 


Culture. The Rsp. rubrum strain used was that normally 
in use in this Laboratory (Goodwin & Osman, 1953, 


1954). 
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Cultural conditions. The bacteria were grown in the light 
at 30° under the conditions previously described in detail 
(Goodwin & Osman, 1953, 1954). 

Extraction, chromatography and identification of pigments. 
The pigments were extracted by Goodwin & Osman’s (1953) 
slight modification of the original method of Polgar e¢ al. 
(1944) and chromatographed on alumina (Goodwin, 1952a). 
Iodine isomerization of the pigments was carried out by the 
method of Zechmeister (1944). 

Quantitative determinations of the relative amounts of 
pigment present were made by dissolving the pigment 
fractions in a known volume of light petroleum (b.p. 40-60°) 
and measuring F values of the solutions at the wavelength 
of maximum absorption and comparing them with the 
Ej <2, values for the pure pigments (see Goodwin, 1952; and 
Goodwin & Land (19565). When the values for £}%, 
were unknown they were assumed to be that of B-carotene 
(2500). 





RESULTS AND DISCUSSION 


A typical chromatographic separation of the pig- 
ment of 24-28 hr. Rsp. rubrum cultures is given in 
Table 1. Fraction A has the absorption spectrum 
and adsorptive properties of lycopene; this identi- 
fication was confirmed (a) by the failure of a mixture 
of pigment A and an authentic specimen lycopene 
(from tomatoes) to separate on chromatography on 
alumina, and (b) by the observation that the change 
in the absorption spectrum of pigment A brought 
about by iodine isomerization was the same as that 
observed with authentic lycopene (Zechmeister, 
1944; Goodwin & Land, 19566). It is almost certain 
that rhodopurpurene isolated from Rhodovibrio 
and Rhodobacillus spp. (Karrer & Solmssen, 1936), 
and which ‘showed great similarity with lycopene’ 
(Karrer & Jucker, 1950), is lycopene (see also 
Goodwin & Land, 19565). 

Fraction B was identified by spectroscopic, 
chromatographic and iodine-isomerization tests 
with the carotenoid P481 first obtained from a 
Chromatium sp. by Goodwin & Land (19565). 

Fraction C was identified as spirilloxanthin by 
spectroscopic and chromatographic comparison 
with an authentic specimen obtained from Rsp. 


Table 1. 
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rubrum (Goodwin & Osman, 1953). Traces of cis- 
spirilloxanthins were also always present in this 
fraction; it is probable that they were artifacts, for 
spirilloxanthin easily isomerizes under the mildest 
manipulative treatment. 

Fraction D was similarly identified with lyco- 
xanthin (3-hydroxylycopene) from berries of Sol- 
anum dulcamara by Zechmeister & Cholnoky (1936), 
and with rhodopin from Rhodobacillus and Rhodo- 
vibrin spp. (Karrer & Solmssen, 1936). Details of 
the proof of the identity of pigment D, which occurs 
in almost all Thio- and Athio-rhodaceae so far 
examined (Goodwin, 1956), with lycoxanthin and 
rhodopin have recently been given by Goodwin & 
Land (19565). 

Fraction EH was shown to be identical with 
hydroxy-P481, found in Chromatium spp. by 
Goodwin & Land (19566). According to these latter 
investigations, it is also probably identical with 
rhodovibrin (Karrer & Solmssen, 1936). 

Pigment F, which also occurs in Rsp. rubrum 
(Goodwin & Osman, 1953), has a chromophoric 
system identical with that of spirilloxanthin. 
Because of its increased adsorptive power, Goodwin 
& Osman (1953, 1954) suggested that it is either a 
monohydroxyspirilloxanthin or spirilloxanthin with 
one methyl group removed (i.e. demethylated 
spirilloxanthin). 


Quantitative experiments 


The absorption spectra of the total carotenoid 
extracts of Rsp. rubrum during growth (Fig. 1) show 
a progressive shift towards the red end of the 
spectrum; this indicates that the relative amounts 
of the constituent pigments are changing. Quanti- 
tative chromatography has confirmed this, and in 
Figs. 2 and 3 are recorded the results of a typical 
experiment. Fig. 2 gives the amounts of the pig- 
ments produced, and Fig. 3 the relative amounts of 
each pigment present (as percentages of the total 
pigments). Because the rate of growth in the early 
stages (24-36 hr.) can vary somewhat from experi- 


Chromatographic separation of the carotenoid pigment in young (24 hr.) cultures of Rsp. rubrum 


Absorbent: deactivated alumina; developer: light petroleum containing increasing amounts of ethyl ether. Pigments 


listed in order of increasing adsorptive power. 


Absorption maxima (mp.) required for elution 


Ethyl ether in 
light petroleum 


Zone Description in light petroleum (%, v/v) Identification 
A Yellowish 445, 472, 501 24 Lycopene (rhodopurpurene) 
B Pink 452, 480-481, 512 8 P481 
Cc Pinkish purple 465, 490, 524 18 Spirilloxanthin 
D Orange-pink 445, 472, 501 20-22 Lycoxanthin (rhodopin) 
E Pink 452, 480-481, 512 25-28 Hydroxy-P481 
F Pinkish purple 464, 490, 524 35-50 Demethylated spirilloxanthin 


(traces only) 


* Light petroleum (b.p. 40-60°) was used throughout this investigation. 
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Fig. 1. Changes in the absorption spectrum of the caro- 
tenoids of Rsp. rubrum during growth. , 24hr. 
cultures ;—@—, 36 hr. cultures ; — — —,48hr. cultures. 
The £,,,,. of each curve has been adjusted to the same 
value for ease of comparison. 
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Fig. 2. Synthesis of the component carotenoids by Rsp. 
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Fig. 3. Relative amounts of the component carotenoids 
in Rsp. rubrum during growth. Values in percentage 
of the total pigment present. A, Lycopene; B, P481; 
C, lycoxanthin; D, hydroxy-P 481; £, spirilloxanthin. 


ment to experiment the following procedure was 
followed to obtain strictly comparable results: 
six 120 ml. cultures (24 hr.) were bulked and mixed 
thoroughly, and 200 ml. was taken for analysis; the 
remainder was redispersed in four 120 ml. bottles, 
two of which were examined after 36 hr., and two 
after 48 hr. Large cultures (300-1000 ml.) could 
not be used, as they did not produce appreciable 
growth, after 24hr. under our conditions. The 
variations in cultures over 48 hr. old are slight 
(Goodwin & Osman, 1953), and separately incu- 
bated cultures were taken for analysis. 

Figs. 2 and 3 show clearly that with the exception 
of spirilloxanthin the carotenoid components rise to 
their maximal levels about 24—48 hr. after inocula- 
tion and thereafter decrease, so that all except P 481 
and hydroxy-P481 have disappeared by the time 
the cultures are 72-96 hr. old. Spirilloxanthin, on 
the other hand, is synthesized relatively slowly 
during the early stages of growth, but continues to 
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increase rapidly after 36 hr. until growth is com- 
pleted in 5-6 days (Goodwin & Osman, 1953). In 
24-36 hr. cultures, spirilloxanthin represents only 
about 20-30% of the total pigments present. Its 
increased rate of synthesis in older cultures, coupled 
with the gradual disappearance of the other pig- 
ments, results in it representing 92% of the total 
pigments, in 5- to 6-day cultures. This agrees with 
previous observations (Polgar et al. 1944; Goodwin 
& Osman, 1953). The remaining 8 % is made up of 
P 481 and hydroxy-P 481, lycopene and lycoxanthin 
having disappeared completely after 72—96 hr. This 
differential rate of synthesis among the carotenoids 
parallels the situation in cultures of Phycomyces 
blakesleeanus inhibited by diphenylamine (Goodwin, 
Jamikorn & Willmer, 1953); in this fungus, the rate 
of synthesis of the phytofluene series is high in 
young cultures but falls off rapidly with age, where- 
as that of B-carotene reaches its maximum only in 
older cultures. 


SUMMARY 


1. The problem of carotenoids and phototaxis in 
?hodospirillum rubrum is discussed. 

2. Carotenoids present in young Rsp. rubrum 
cultures are lycopene (rhodopurpurene), spirillo- 
xanthin, lycoxanthin (rhodopin), demethylated 
spirilloxanthin, pigments P 481 and hydroxy-P 481 
(? rhodovibrin). 

3. The relative amounts of the constituent pig- 
ments present in cultures of various ages are re- 
corded. Spirilloxanthin gradually increases through- 
out the growing period. All the other components 
reach a maximum at about 24 hr. and thereafter 
decline, some being completely absent from 72- 
96 hr. cultures. 
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On the Origin of the Multiple Forms of Rabbit y-Globulin 


By B. A. ASKONAS, J. H. HUMPHREY anp R. R. PORTER 
National Institute for Medical Research, The Ridgeway, London, N.W. 7 


(Received 28 December 1955) 


y-Globulin is complex biologically in that it may 
contain many different antibodies; it is complex 
physically, as is shown, for example, during electro- 
phoresis, and in certain species chemical complexity 
is apparent from the varying terminal amino acids. 
Most protein preparations show some degree of 
heterogeneity when examined with sufficient care 
(Colvin, Smith & Cook, 1954), but the complexity of 


y-globulin appears to be altogether greater than 
that found in well-characterized proteins. 

It has been found that resolution of rabbit y- 
globulin can be effected by partition chromato- 
graphy and that the distribution of antibodies, 
among the fractions obtained, depends on the route 
and duration of the antigenic stimuli (Porter, 1955; 
Humphrey & Porter, 1956). It became apparent 
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that an understanding of antibody formation and 
the relation of antibodies to inert y-globulin would 
be facilitated if the reasons for the diversity of y- 
globulin could be found. Three possible explana- 
tions have been suggested (Porter, 1955): ‘(1) 
Different cells in the same or different tissues pro- 
duce slightly varying types of globulin. (2) The 
system responsible for y-globulin synthesis is 
sensitive to changes in environmental conditions so 
that small differences in end product would result in 
response tosuch changes. (3) y-Globulin has a labile 
structure such as that proposed by Pauling (1940) 
and would be expected to show heterogeneous 
physical properties with the majority of the mole- 
cules assuming the most stable configurations.’ 

These possibilities were investigated by studying 
the rate of incorporation of radioactive amino acids 
into the different chromatographic fractions of 
y-globulin. 

If Pauling’s suggestion that y-globulin is pro- 
duced with a labile configuration and then takes up 
a variety of stable configurations is correct, it might 
be expected that on injection of labelled amino acids 
into a rabbit one fraction would become radioactive 
rapidly, and the labelling would then spread into 
other fractions as conversion occurred. Such a 
conversion might be missed if it occurred very 
rapidly, and would be undetected if it went on 
during bleeding and subsequent isolation of the y- 
globulin, or if it took place in the cell before release 
of the y-globulin into the vascular system. 

In a similar experiment, if the second suggestion, 
that cells making y-globulin are sensitive to environ- 
mental changes and this results in a slightly different 
end product at different times, is correct, it would 
be expected that after injection of labelled amino 
acids certain fractions would become labelled first 
and others later in an uneven manner until all had 
the same specific activity. The order in which the 
different fractions become labelled might vary from 
experiment to experiment. 

It was found that with the exception of the fast- 
running fraction the specific activity of the fractions 
was the same, and increased from nil at 30 min. 
after injection to a maximum at about 6 hr., from 
which it slowly fell off. This makes it improbable 
that the different end products could be produced at 
different times, but possible that the fast-running 
fraction which became radioactive much more 
rapidly than the rest might be a precursor. Direct 
test failed to support this, however, and further 
work showed that the more rapid incorporation into 
the fast fraction was due to contamination of this 
fraction with B-globulin. 

The possibility that different cells might be 
producing their characteristic type of y-globulin 
was investigated by following the rate of incorpora- 
tion of radioactive amino acids into the fractions 
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when slices of different tissues were incubated in 
vitro in their presence (Askonas & Humphrey, 1955; 
Askonas & White, 1956). It was found that al- 
though some variation from animal to animal 
occurred the spleen incorporated relatively more 
radioactivity into the middle fractions, and the 
lymph nodes and bone marrow more into the slower- 
moving fractions. Hence the first explanation 
offered for heterogeneity of y-globulin seemed to be 
the most probable. 


MATERIALS AND METHODS 


Administration of radioactive amino acids. All radio- 
active amino acids were purchased from the Radiochemical 
Laboratory, Amersham. Those used were [*C]glycine, 
[24C]-L-valine, [*°S]-pt-methionine and acid-hydrolysed 
algal protein prepared from algae grown in an atmosphere of 
4CO, (Catch, 1954). For intravenous injection the isotopic 
amino acids were dissolved in 1 ml. of 0-9% NaCl and 
neutralized if necessary. 

Immunization of animals. Rabbits were immunized 
intravenously with alum-precipitated ovalbumin, as has 
been described (Porter, 1955). 

Preparation and chromatography of y-globulin. In all 
experiments 10 mg. of the appropriate inactive amino acids 
was added per ml. of serum or solution, before isolation of 
the y-globulin. All buffers used in the salting-out procedure 
and in dialysis contained 1 mg. of inactive amino acid per ml. 
This effectively diluted out any radioactive amino acids 
remaining adsorbed to the protein, control exp>riments 
showing that there was a negligible contamination under 
these conditions. 

Rabbit y-globulin was prepared by the Na,SO, precipita- 
tion method (Porter, 1950) described for human y-globulin 
by Kekwick (1940). 

Zone electrophoresis was carried out in a column 
(40 em. x 2-6 em.) with treated cotton wool as supporting 
medium according to published methods (Flodin & Porath, 
1954; Porath, 1954; Campbell & Stone, 1956). The borate— 
phosphate buffer (pH 8-6) described by these authors was 
used, with a voltage of 350v and a current of 30 ma. 

Partition chromatography of rabbit y-globulin was 
carried out as previously described (Porter, 1955; Humphrey 
& Porter, 1956) with 40 g. of washed and graded Celite 545 
(Johns-Manville and Co. Ltd., London, S.W. 1) ina jacketed 
column having an internal diameter of 2-2 cm. 

Elution of protein from the column was followed by 
measurement of the absorption at 280 my. in a 1 em. cell in 
a spectrophotometer. The eluates obtained after chromato- 
graphy of about 60mg. of freeze-dried y-globulin were 
combined to yield 8-9 fractions; these were concentrated by 
dialysis under 1 atm. at 2°. 

The protein fractions were prepared for counting by pre- 
cipitation of dialysed solutions with 2 vol. of ethanol at 
room temperature. After 1 hr. the precipitate was centri- 
fuged down and washed once with a mixture of ethanol and 
ether (1:1, v/v) and then twice with ether. The ether 
remaining in the precipitate was removed in vacuo. When 
[S]methionine was being used protein samples were 
also treated with performic acid to remove thiol-bound 
impurities before counting (Peterson & Greenberg, 
1952). 
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Incorporation of radioactive amino acids into y-globulin in 
vitro. The rabbits were anaesthetized by injecting 2 ml. of a 
0-6 % solution of Nembutal. Slices of various organs were 
incubated in an isotonic salt medium in the presence of 
14C_labelled amino acids for 2-5 hr. according to the method 
described by Askonas & Humphrey (1955) and Askonas & 
White (1956). The labelled y-globulin was then extracted by 
homogenizing the tissue slices in the presence of inactive 
amino acid and 2 ml. of the rabbit’s own serum. A portion 
(10 ml.) of the rabbit’s own serum was then added, and the 
y-globulin was prepared by Na,SO, precipitation, dialysed 
and freeze-dried before chromatography. 

Determination of radioactivity. For measuring the radio- 
activity of the labelled protein fractions two methods were 
used. In some experiments with “C-labelled amino acids 
a proportional counter was used after conversion of all 
carbon into CO, (Bradley, Holloway & McFarlane, 1954). In 
other experiments with “C-labelled amino acids and in all 
experiments with *°S-labelled amino acids the fractions were 
counted on 0-3 or 1 sq.cm. disks at infinite thickness. An 
automatic-recording Geiger counter with a thin end-window 
was used. 

Immunological examination. Immunological examination 
of the chromatographic fractions, for antigenic hetero- 
geneity, was carried out by Oakley’s modification (Oakley & 
Fulthorpe, 1953) of Oudin’s (1946) method of diffusion in 
agar gel. 


RESULTS 


Rate of synthesis of y-globulin fractions 
in vivo 


A rabbit was injected intravenously with 100 pc 
(1-5 mg.) of an acid hydrolysate of !4C-labelled algal 
protein. After 1, 4 and 24 hr. about 40 ml. of blood 
was taken, the serum collected and y-globulin pre- 
pared from it. About 60mg. of the freeze-dried 
preparations was chromatographed and the eluted 
protein divided into eight or nine fractions. The 
radioactivity of the fractions was measured by gas 
counting. Figs. 1-3 show the results obtained at 
1, 4and 24 hr. respectively. At 1 hr. there is a sharp 
peak of radioactivity running right at the front, 
but the greater part of the y-globulin has a low 
uniform radioactivity. At 4 hr. a similar result was 
obtained, though the differences between the 
specific activities of the first and other fractions are 
reduced, and at 24 hr. the activity of the fast frac- 
tion has fallen, while that of the main part is higher 
and differences are now slight. 

As we were injecting “C-labelled amino acids it 
seemed possible, however, that our results might be 
due to preferential labelling of fat or carbohydrate 
that was perhaps concentrated in the fast-running 
fraction. The experiment was therefore repeated 
with [*S]-pt-methionine in place of C-labelled 
amino acids. Figs. 4-6 show that similar results 
were obtained when the rabbit was bled after 30 min., 
1 and 4hr. After 30 min. the specific activity of 
most of the y-globulin was nil, but that of the fast 
fraction was relatively high. 
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Fig. 1. Specific activity of y-globulin fractions 1 hr. after 
injection of 100 yc of hydrolysed “C-labelled algal protein 
into a rabbit. About 60mg. of y-globulin chromato- 
graphed on a column of 40g. of Celite 545. Internal 
diameter 2-2cm. x — x , Protein concentration, expressed 
as E, on, at 280 mu.; @-— @, specific activity. 
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Fig. 2. Specific activity of y-globulin fractions 4 hr. after 
injection of 100 yc of hydrolysed “C-labelled algal protein. 
Conditions as in Fig. 1. x— x, Protein concentration, 
expressed as E, ,,,, at 280 mp.; @--—@, specific activity. 
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Fig. 3. Specific activity of y-globulin fractions 24 hr. after 
injection of 100 yc of hydrolysed C-labelled algal protein. 
Conditions as in Fig. 1. x —x, Protein concentration, 
expressed as FE, .,,, at 280 mp.; @-—@, specific activity. 


Heterogeneity of fast-running fraction 

It seemed possible that the fast fraction might be 
a precursor of the other y-globulin fractions. How- 
ever, it was also possible that this fraction contained 
proteins other than y-globulin which, though syn- 
thesized more rapidly, were unrelated to it. Earlier, 
examination of the rabbit y-globulin, prepared by 
Na,SO, precipitation, by either free electrophoresis 
or zone electrophoresis on paper, had failed to show 
any significant impurity. Now 200 mg. of y-globulin 
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was fractionated by zone electrophoresis on a 
treated cotton-wool column as described above, and 
under these conditions it was apparent that the 
preparation contained small amounts (less than 5 %) 
of B-globulin. The rate of uptake of amino acids into 
the different serum globulins was therefore studied. 
A rabbit was injected with radioactive amino acids 
and bled 4 hr. later. A portion (3 ml.) of serum was 
subjected to electrophoresis for 40 hr. at about 
7v/cm. with a current of 30 ma. Under these condi- 
tions the albumin moves off the column and the 
maximum separation of the globulin is obtained. 
After elution the radioactivity of samples from 
different globulin fractions was estimated. The 
results are shown in Fig. 7, and it can be seen that 
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Fig. 4. Specific activity of y-globulin fractions 30 min. after 
injection of 350 uc of [°S]-pL-methionine into a rabbit. 
Chromatography as in Fig. 1. x— x, Protein concen- 
tration expressed as FE, ,,,, at 280 mp.; @-—@, specific 
activity. 
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Fig. 5. Specific activity of y-globulin fractions 1 hr. after 
injection of 350 uc of [*5S]-pL-methionine as in Fig. 4 
x—x, Protein concentration, expressed as Ey. at 
280 mu.; @--@, specific activity. 
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Fig. 6. Specific activity of y-globulin fractions 4 hr. after 
injection of 350 yc of [*S]-pL-methionine as in Fig. 4 
x — x, Protein concentration, expressed as E, .,,, at 
280 mpu.; @--@, specific activity. 
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Fig. 7. Specific activity of serum-globulin fractions after separation by zone electrophoresis on treated cotton-wool 
column (40 cm. x 2-6 cm.). 
x— x, Protein concentration, expressed as E,,.,, at 
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the specific activities of the «- and B-globulins are 
considerably higher than those of the y-fractions. 
B-Globulin, isolated by zone electrophoresis, was 
chromatographed under the same conditions as 
those used for y-globulin; it was found to move fast, 
with only a slight trail, showing that any B-globulin 
impurities would be in the fast fraction. Hence it 
was concluded that this rapidly synthesized 
fraction in our y-globulin preparations probably 
arose from f-globulin impurities. Further evidence 
of the heterogeneity of this fast fraction was ob- 
tained from use of Oudin’s technique, where antigen 
and antiserum are allowed to diffuse towards each 
other in an agar gel. The slower fractions showed 
evidence of only one antigenic component, and the 
fastest contained two additional components. 


Interconversion of y-globulin fractions 


Although it seemed most probable that the 
rapidly synthesized fraction arose from £-globulin, 
it could not be completely excluded that this 
fraction might be a precursor of the others. Hence 
a direct test of extracellular conversion was made. 
An acid hydrolysate (1 mc, 16 mg.) of algal protein 
was injected into a rabbit, and 4hr. later the animal 
was anaesthetized with Nembutal and bled out as 
completely as possible. A suitable volume (170 ml.) 
of blood was obtained, and the y-globulin prepared 
and fractionated in a series of chromatograms. The 
fast fractions from each were combined, concen- 
trated and dialysed to give 10 mg. of protein with a 
specific activity of about 12000 counts/min./mg. of 
C in a proportional counter. This material was dis- 
solved in 1 ml. of 0-9% NaCl and injected into a 
second rabbit ; 30-40 ml. of blood was removed after 
5 min., 4, 24 and 48 hr. The y-globulin was prepared 
and chromatographed, and the radioactivity of the 
fractions estimated. 

The results at the four times were the same. The 
activity remained confined almost entirely to the 
fast-running fractions; only a slight spread into the 
next fraction occurred, and this may be attributed 
to the chromatographic impurity of the material 
injected. Unless alteration of the fast fraction has 
occurred during the preparation, it is clear that it 
cannot be an extracellular precursor of the other 
fractions. 

A further test was made to determine whether 
inert y-globulin from one rabbit could be converted 
into antibody in a second rabbit undergoing active 
immunization. A portion (20 mg.) of a slower inert 
fraction with an activity of 6000 counts/min./mg. of 
C was injected into a rabbit which was receiving 
injections of alum-precipitated ovalbumin. At 
different time intervals up to 72 hr. after injection, 
blood samples (5 ml.) were taken, the antibody was 
precipitated with the antigen and the radioactivity 
of the specific precipitate estimated. Although 
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rapid synthesis of antibody was occurring (as 
shown by the maintenance of a steady high level of 
antibody in the plasma), at no time was any 
significant activity found in the antigen—antibody 
precipitate, showing that no conversion of globulin 
into antibody could have occurred. 


Incorporation of radioactive amino acids into 
y-globulin fractions by tissues in vitro 


As y-globulin is secreted into the vascular system 
it is difficult to assess the contribution of individual 
organs by experiments carried out in the living 
animal. Advantage was therefore taken of a 
recently developed method (Askonas & Humphrey, 
1955; Askonas & White, 1956) of studying the rate 
of uptake of amino acids into y-globulin when tissue 
slices are incubated én vitro. The slices of tissues from 
a stock rabbit were incubated in a medium con- 
taining 7-5 yc of [14C]-L-valine at 37°. After 2-5 hr. 
the tissue and incubation medium were homogenized 
and centrifuged. In order to get sufficient material 
for fractionation the rabbit’s own serum was added 
and the y-globulin prepared from this solution. It 
was chromatographed as described above and the 
results are shown in Figs. 8-11. As the radioactive 
y-globulin formed was diluted similarly for each 
tissue, any differences in the labelling of the 
fractions will indicate that the tissues used have 
different synthetic abilities. 

The finding that the kidney (Fig. 8) has not 
incorporated any significant radioactivity into the 
y-globulin is in agreement with Askonas & White 
(1956), who showed that kidney took no part in the 
synthesis of antibody and y-globulin in the sub- 
cutaneously immunized guinea pig. In the spleen 
(Fig. 9) there are obvious differences in the specific 
activity of the different fractions, the central 
fractions being more active than the slower 
fractions. The bone marrow and lymph nodes show 
the reverse effect, suggesting that the different 
tissues are synthesizing different fractions at 
different rates. In all cases there is high activity in 
the first fractions, but for reasons discussed above it 
is considered that this high radioactivity arises 
from impurities and not from y-globulin. The satis- 
factory blank given by kidney suggests that any 
cellular proteins in the homogenate have been 
eliminated in the fractionation procedures. 

This experiment was repeated with organs from 
a rabbit which had been immunized with alum- 
precipitated ovalbumin. The animal had received 
nine intravenous injections in 3 weeks, and 3 
months later a further six injections were given, the 
last being administered 2 days before the experi- 
ment. 

The conditions used were identical with those 
above except that 6 uc of [4C]glycine was added to 
each incubation flask instead of 7-5 wc of [!4C]-L- 
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Fig. 8. Specifie activity of y-globulin fractions after in- 
cubation in vitro of kidney slices (1 g.) in the presence of 
7-5c of [C]-L-valine. Chromatography as in Fig. 1. 
x—x, Protein concentration, expressed as E,,,, at 
280 mu.; @——@, specific activity. 
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Fig. 9. Specific activity of y-globulin fractions after in- 
cubation in vitro of spleen slices (1 g.) in the presence of 
7-5 po of [@C]-L-valine. Chromatography as in Fig. 1. 
x—x, Protein concentration, expressed as EF, .,, at 
280 myu.; @- —@, specific activity. 
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Fig. 10. Specific activity of y-globulin fractions after in- 
cubation in vitro of slices of cervical lymph nodes (1 g.) in 
the presence of 7-5 wc of [#C]-L-valine. Chromatography 
as in Fig. 1. x—x, Protein concentration, expressed 
as E, ..,, at 280 mp.; @— — @, specific activity. 
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Fig. 11. Specific activity of y-globulin fractions after in- 
cubation in vitro of bone marrow (1 g.) in presence 
of 7-5 wo of [#4C]-L-valine. Chromatography as in Fig. 1. 
x—x, Protein concentration expressed as E,,,, at 
280 mu.; @— —@, specific activity. 


valine. Also two incubation mixtures with slices of 


spleen tissue were set up in order to compare the 


behaviour of y-globulin before and after removal of 


antiovalbumin by precipitation with ovalbumin. 
Figs. 12—15 show that the results were very similar to 
those obtained with tissues from a non-immunized 
rabbit. With lymph nodes and bone marrow the 
slow fractions become labelled more rapidly, but 
the spleen incorporates radioactivity considerably 
faster into the middle fractions than into the 
slower ones. Fig. 15 shows the result with spleen 
slices when y-globulin, from which antibody had 
been removed, was fractionated. By comparison 
with Fig. 14, where the y-globulin was run without 
prior precipitation of the antibody, it is apparent 
that the antiovalbumin being synthesized by the 
spleen is largely confined to the middle fractions. 


DISCUSSION 


If the protein-elution curves in the different chro- 
matograms illustrated in this paper are compared, 
it will be observed that the R value of the fraction 
with the highest protein concentration varies some- 
what. There are also differences in the shapes of the 
curves. These chromatograms have been obtained 
from experiments extending over | year, and it is 
considered that the differences do not reflect 
variation in the composition of the y-globulin. They 
arise almost certainly from the sensitivity of the 
phase system to very slight changes of composition 
and of temperature. Such chromatograms are 
exactly reproducible while the same column is 
being used or when the greatest care is taken to 
reproduce the conditions exactly, but in routine use 
some variation seems inevitable. It should have 
little influence on the effectiveness of the fractiona- 
tion. 
Bioch. 1956, 63 
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It will also be seen that the fast-running peak is 
greater in the chromatograms of y-globulin from the 
experiments in vitro. The values noted for the pro- 
tein concentration in these fractions are not 
accurate, as the samples frequently contain pig- 
ment. Any pigment persisting in these preparations 
from homogenized tissue is confined to this fast- 
running peak; all the remaining fractions give a 
satisfactory ratio for the absorption at 260 and 
280 my. For reasons discussed above it is con- 
sidered that this fraction contains impurities not 
related to y-globulin, and it has been disregarded in 
the present discussion. 
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Fig. 12. Specific activity of y-globulin fractions after in- 
cubation in vitro of cervical lymph nodes (1 g.) from 
an immune rabbit in the presence of 6yc of [}C]- 
glycine. Chromatography as in Fig. 1. x—x, Protein 
concentration, expressed as E, ,, at 280 mp.; @--@, 
specific activity. 
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Fig. 13. Specific activity of y-globulin fractions after in- 
cubation in vitro of bone marrow (1 g.) from an immune 
rabbit in the presence of 6 yc of [#4C]glycine. Chromato- 

x—x, Protein concentration, 

280 mu.; @--@, specific 


graphy as in Fig. 1. 
expressed as Fy. at 
activity. 
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The results of the experiments carried out in vivo 
show that from 30 min., when labelled y-globulin 
first appears, to 24 hr., when the activity is falling, 
the amino acids have been incorporated into all 
fractions at the same rate. Therefore there can be no 
simple conversion in the blood of a precursor into 
other forms. The possibility that material in the 
fast-moving fraction could be a precursor of the 
other fractions was excluded by direct test. It was 
also shown that y-globulin from appropriate frac- 
tions was not converted into antibody when in- 
jected into a second rabbit which was synthesizing 
antibody. It is possible that such a conversion 
could occur in the cells making y-globulin before its 
release into the blood, or that the conversion is so 
rapid after release that it was undetected by the 
methods used or, again, that the conversion took 
place outside the body after bleeding. 
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Fig. 14. Specific activity of y-globulin fractions after in- 
cubation in vitro of spleen slices (1 g.) from an immune 
rabbit in the presence of 6 uc of [C]glycine. Chromato- 
graphy as in Fig. 1. x —x, Protein concentration, ex- 
pressed as EF, ,.,, at 280 mp.; @-—@, specific activity. 
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Fig. 15. Specific activity of y-globulin fractions after in- 
cubation in vitro of spleen slices (1 g.) from an immune 
rabbit in the presence of 6 uc of [C]glycine. Antibody 
was precipitated from the y-globulin, before chromato- 
graphy. x—x, Protein concentration, expressed as 
Ey om, at 280 mp.; @--@, specific activity. 
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The uniform labelling of all fractions in several 
experiments makes it unlikely that cells produce 
different types of y-globulin at different times. 

In the experiments carried out in vitro slices of 
different organs incorporated radioactive amino 
acids into the different fractions of y-globulin at 
varying rates. Askonas & White (1956) have given 
reasons for believing that the rate of incorporation 
of activity is a measure of the synthetic ability of 
the tissues, and this is supported by other experi- 
ments (Humphrey & Sulitzean, unpublished work) 
in which it was shown that a measure of the rate of 
antibody synthesis in vivo by different organs of an 
actively immunized rabbit gave results similar to 
those obtained in vitro. 

It therefore seems justified to conclude that 
different tissues make the various y-globulin 
fractions at different rates, the spleen forming the 
middle fractions relatively faster, compared with 
the lymph nodes and bone marrow, which are 
making the slower fractions more rapidly. From 
the results with an actively immunized rabbit it 
appears that the pattern of synthesis by different 
tissues is the same as in the normal animal. Again, 
the spleen was shown to synthesize the middle 
fractions relatively more rapidly (particularly the 
antibody) and the lymph nodes and bone marrow 
the slower fractions more quickly. Some variation 
in detail occurs, but in other similar experiments the 
same contrast between spleen on one hand and 
lymph nodes and bone marrow on the other was 
found. As all the tissues examined synthesize all the 
fractions, though at different rates, the simplest 
explanation appears to be that individual cells are 
synthesizing characteristic types of y-globulin, and 
that the distribution of these cells is different in the 
various organs. Certain types predominate in the 
spleen and others predominate in the lymph nodes 
and bone marrow. 

These results suggest an explanation of the earlier 
observation (Porter, 1955; Humphrey & Porter, 
1956) that when a rabbit is immunized by intra- 
venous injections the antibodies are at first confined 
to the slower-running fractions, and then after pro- 
longed injections they appear more and more in the 
middle fractions. Such a result would be explicable 
if the lymph nodes or bone marrow, or both, were 
very active in antibody production in the earliest 
stages of immunization, and if the spleen became a 
relatively more important site of antibody produc- 
tion as immunization continued. A preliminary 
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experiment was carried out in which the relative 
rates of antibody synthesis in slices of the different 
organs from rabbits in the early and late stages of im- 
munization were compared (Askonas & Humphrey, 
unpublished work). It showed that such a shift in 
relative rates of antibody formation in lymph nodes, 
bone marrow and spleen did in fact occur. 
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SUMMARY 


1. The rate of incorporation of radioactive amino 
acids into the different chromatographic fractions 
of rabbit y-globulin has been investigated. 

2. It has been shown by experiments in vivo that 
there is no evidence for conversion of one form of 
y-globulin into another, or of y-globulin into anti- 
body, in the vascular system. 

3. Experiments in vitro showed that amino acids 
are incorporated into different fractions of y- 
globulin at different rates, there being an obvious 
difference between the spleen and the various 
lymph nodes and bone marrow which were tested. 

4. It is suggested that different types of y- 
globulin are synthesized by different cells which are 
unevenly distributed in the tissues making y- 
globulin. 

5. The observation that different tissues syn- 
thesize different fractions of y-globulin at different 
rates may in turn explain the earlier observation 
that chromatographically different antibodies 
appear at successive stages in the immunization of 
a rabbit. 


We particularly wish to thank Miss J. Morgan for her 
excellent assistance throughout. We also wish to thank 
members of the Biophysics Division, National Institute for 
Medical Research, for carrying out much of the counting of 
the radioactive samples. 
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Inhibition by Antimycin A of Succinic Oxidase 
in Heart-muscle Preparations 


By M. B. THORN 
Department of Biochemistry, St Thomas’s Hospital Medical School, London, S.E. 1 


(Received 20 December 1955) 


Antimycin A, an antibiotic prepared in crystalline 
form by Dunshee, Leben, Keitt & Strong (1949), 
was found by Ahmad, Schneider & Strong (1950) 
to have a powerful inhibitory effect on cellular 
respiration, as exemplified by the succinic oxidase 
system. Potter & Reif (1952) reported that the 
compound had a similar inhibitory effect on the 
system catalysing the oxidation of reduced di- 
phosphopyridine nucleotide, although the existence 
of an antimycin-insensitive pathway for the oxida- 
tion of this substance was also noted, and was sub- 
sequently investigated more fully (Reif & Potter, 
1954). The results of Ahmad e¢ al. (1950) were con- 
sistent with the view, later put forward by Potter & 
Reif (1952), that antimycin A inhibited the succinic 
oxidase system at some intermediate stage, possibly 
that involving the factor which is destroyed by 
2:3-dimereaptopropanol (BAL) in the presence of air 
(Slater, 1948, 1949d), since the inhibitor at concen- 
trations several hundred times greater than that 
required to inhibit succinic oxidase activity 
completely had no effect on cytochrome oxidase 
activity, and only at these very high concentrations 
had any notable effect on succinic dehydrogenase 
activity as measured by the Thunberg method 
with methylene blue. Spectrophotometric studies 
of the percentage oxidation of components of 
the cytochrome system in the steady state, in the 
absence and in the presence of various concentra- 
tions of antimycin A, led Chance (1952) to a similar 
conclusion as to the point of action of the inhibitor. 
These facts, together with the extreme potency of 
antimycin A, make the inhibitor a valuable tool in 
the study of the cytochrome system, and of the 
phosphorylation accompanying electron transport 
by this system in mitochondria. 

The work to be described arose from a general 
study of the interaction between ‘succinic dehydro- 
genase’ and ‘cytochrome oxidase’, and has been 
carried out with heart-muscle preparations of the 
type described by Keilin & Hartree (1947). For this 
reason, the sequence of respiratory carriers as set 
out by Slater (1949d), and modified by Bonner 
(1954), will be used as the basis for discussion, 
although current work on the nature of the electron- 
transport system (see, for example, the recent 
review by Green & Beinert, 1955), on the intramito- 
chondrial system of electron transport (e.g. Chance 


& Williams, 1955), and the recent work of Keilin & 
Hartree (1955), may lead to a revision of views on 
the number, sequence, interaction and significance 


of respiratory catalysts. For most of the purposes of 


this paper the components of the succinic oxidase 
system will be described as ‘succinic dehydrogenase’ 
(corresponding to succinic dehydrogenase and cyto- 
chrome b), the antimycin-inhibitable factor (corre- 
sponding provisionally to the BAL-sensitive factor) 
and ‘cytochrome oxidase’ (corresponding to cyto- 
chromes c, a and a;). The term ‘succinate—methy]- 
ene blue reductase’ will be used to denote the 
enzymic activity of the system which is estimated 
with methylene blue, since the purified soluble 
succinic dehydrogenase described by Singer & 
Kearney (1954) does not react with methylene 
blue. 

The studies of Cleland & Slater (1953) indicate 
that the enzyme-bearing particles in Keilin & 
Hartree (1947) preparations are fragments of the 
membranes of sarcosomes originally present in the 
heart muscle, and that the components of the 
succinic oxidase system are firmly bound to the 
sarcosomal membrane. Spectroscopic studies by 
Slater (19496) and by Chance (1952) suggest that 
the components of the succinic oxidase system are 
present in approximately equal amounts in these 
preparations. The enzyme-bearing particles may 
perhaps be regarded, therefore, as carriers of a 
number of ‘succinic oxidase assemblies’, to use 
Chance’s (1952) expression, each ‘assembly’ con- 
taining one of each of the components of the system. 
The present work can best be interpreted on the 
basis of interaction between ‘succinic oxidase 
assemblies’. It seems probable that this interaction 
takes place only between ‘assemblies’ within the 
same particle, and not between those in different 
particles (see, for example, Slater, 1953). Most of the 
work to be described is kinetic, and offers no precise 
answer to the questions of the nature and location of 
the antimycin-inhibitable factor. A theory describ- 
ing the mechanism of action of the inhibitor does, 
however, emerge. An experiment combining the 
use of BAL and antimycin A suggests that the BAL- 
sensitive factor may not be the same as the anti- 
mycin-inhibitable factor. Parts of this work have 
already appeared in preliminary form (Thorn, 1955, 
1956). 
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METHODS 


Enzyme preparations 


The general method of preparation of the enzyme was that 
of Keilin & Hartree (1947) and Slater (19496). Bonner 
(1954) has shown that inorganic phosphate affects the 
interaction between ‘succinic dehydrogenase’ and ‘cyto- 
chrome oxidase’, and for this reason some of the prepara- 
tions used were made by Bonner’s (1954) method, in which 
the isoelectric precipitate, after being washed with ice-cold 
water, is resuspended in 0-2m borate buffer, pH 7-3. These 
preparations were found to lose their activity fairly rapidly, 
and they were not used when it was desirable, for reasons of 
convenience, to have a preparation with an almost constant 
activity over several days. Furthermore, it was found that 
when a Keilin & Hartree (1947) preparation was diluted for 
use with 0-2m borate buffer, pH 7-3, and when the same 
buffer was used in making up the reaction mixture, the 
characteristic properties of ‘low-phosphate’ preparations 
could be reproduced, although to a slightly less-marked 
degree. In what follows, the preparation according to 
Bonner will be termed a ‘low-phosphate’ preparation, and 
that according to Keilin & Hartree a ‘normal’ preparation. 
Fresh pig hearts were used as the starting material. Enzyme 
concentrations are expressed in terms of fat-free dry weight 
(Slater, 1949b). The dry weights of all preparations were 
usually between 20 and 25 mg./ml. The inorganic phosphate 
contents of the preparations were determined by estimating 
inorganic phosphate in the trichloroacetic acid supernatant 
liquids from the dry-weight determinations. The inorganic 
phosphate contents of low-phosphate preparations were 
usually between 1-0 and 1-5yg. of P/mg. dry weight; those 
of normal preparations were about 50 times greater. 


Measurement of enzyme activities 


Succinic oxidase activity was determined manometrically 
in the Warburg apparatus at 37° with air as the gas phase. 
Borate buffer, pH 7-3, histidine and succinate were con- 
tained in the main compartments of the flasks, and the 
enzyme was added from the side arms after temperature 
equilibration. Alternatively, in some experiments in which 
heart-muscle preparation was treated with an inhibitor 
before addition to the flasks, the enzyme was pipetted into 
the main compartments of the flasks, and succinate was 
contained in the side arms and added after temperature 
equilibration. The total fluid volume was 3-0 ml. Final 
concentrations were: borate, 0-1M; succinate, 0-025M; 
histidine, 4-1 x 10-3 m. 

It should be noted that the concentration of histidine used 
was less than that recommended by Bonner (1954). It was 
found that the low-phosphate preparations used in this 
work had higher activities in the absence of activators, and 
reached full activity with lower concentrations of activators, 
than those described by Bonner. 

Succinate—methylene blue reductase activity, determined 
manometrically, was taken as a measure of ‘succinic de- 
hydrogenase’ activity. The method was similar to that 
for measuring succinic oxidase activity, except that in 
addition to the constituents described, the reaction 
mixture also contained 0-01M-KCN and 0-001 m methylene 
blue (unless otherwise stated). The enzyme was always 
contained in the side arm and was tipped after temperature 
equilibration. 
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Cytochrome oxidase activity was determined by the pro- 
cedure recommended by Slater (1949a), and was calculated 
for infinite cytochrome c concentration. 


Procedure with inhibitors 


Antimycin A. Stock solutions of antimycin A in ethanol 
were made up, containing 400-420 yg./25 ml. The stock 
solution was diluted with ethanol to give solutions one-fifth 
and one-tenth as concentrated. 

Method 1. Measured volumes of not more than 0-06 ml. of 
dilute solutions of antimycin A were added to the main 
compartments of the flasks, which contained the other 
reagents necessary for the measurement of enzyme activity. 
The same volumes of ethanol were added to the control 
flasks. The enzyme was contained in the side arms. The final 
concentrations of ethanol present in the reaction mixture, 
with this procedure, were not observed to have a significant 
effect on enzyme activity. 

Method 2. Heart-muscle preparation (0-5 ml.) was 
treated at 0—4° with suitable volumes of 0-2 borate buffer, 
pH 7-3, and of stock antimycin A solution (not more than 
0-13 ml.), so that the final volume of the mixture was 2-5 ml. 
Appropriate volumes of the mixture were immediately 
pipetted into the main compartments of the flasks, which 
already contained all other reagents necessary for the 
measurement of enzyme activity (succinate in the side arms). 
To serve as a control, a further quantity of heart-muscle 
preparation was diluted in a similar way, except that 
ethanol was substituted for the ethanolic solution of anti- 
mycin A. The brief exposure of the enzyme to this concen- 
tration of ethanol at low temperature had no significant 
effect on its activity. 

Method 2 has the advantage that in all flasks there is un- 
questionably the same ratio of antimycin A to heart-muscle 
preparation, and is of value in experiments in which the 
effects of other substances on the degree of inhibition by 
antimycin A are being investigated. 

p-Aminophenylarsenoxide. The method described below 
corresponds closely with that recommended by Slater 
(1949¢). Heart-muscle preparation (1 ml.) was incubated 
in a glass-stoppered tube with a suitable quantity of p- 
aminophenylarsenoxide solution for 60 min. at 37°. At the 
end of this time the contents of the tube were diluted to 
5 ml. with 0-2M borate, pH 7-3, and appropriate volumes of 
the mixture were pipetted immediately into the main com- 
partments of the flasks, which already contained all other 
reagents necessary for the measurement of enzyme activity 
(succinate in the side arms). It was confirmed that the 
reaction between the enzyme and the arsenical agent was 
virtually complete after 60 min. at 37°, and preliminary 
experiments were carried out with each heart-muscle 
preparation in order to determine the amounts of p-amino- 
phenylarsenoxide required to produce the desired degrees of 
inhibition. 

BAL. The method described below corresponds closely 
with that recommended by Slater (1949d). Solutions of BAL 
(approx. 0-02M) in glass-redistilled water were prepared 
under nitrogen immediately before use, and 1 ml. quantities 
were pipetted into the side arms of Warburg flasks. Heart- 
muscle preparation (1 ml.) was pipetted into the main 
compartment of each of the flasks, which were then attached 
to manometers and placed in the bath at 37°. After temper- 
ature equilibration the taps were closed and readings were 
taken. The oxygen consumption was found to be negligible 











422 M. B. THORN 1956 


until the BAL solution was tipped from the side arm. two methods did not give identical results, but 
Preliminary experiments were undertaken with each heart- —_ certain qualifications must be added. First, in the 
muscle preparation to determine the approximate oxygen region of 25-75 % inhibition a slight change in the 
ee of on eae of —_ reg corre- patio of antimycin A to heart-muscle preparation 
sponding with the desirec egrees of inhibition of succinic produces a relatively large effect on the degree of 
oxidase activity. When the appropriate amounts of oxygen _~ hibiti h i Pager ince f al t 
had been taken up the flasks were removed from the bath, ROTOR, ee a s si FegiONs Of GHNOst COM- 
quickly detached from the manometers, and the contents plete or only slight inhibition such a change would 
produce only a minor effect (this state of affairs is 


were diluted to 5 ml. with 0-2m borate, pH 7-3. Suitable ‘ : 
volumes of the mixture were immediately pipetted into the evident in Fig. 1). It is therefore a critical test to 


main compartments of the flasks, which already contained attempt this comparison of methods around 50% 
all other reagents necessary for the measurement of enzyme _jnhibition. In fact, an error of 4 % in the measure- 





activity (succinate in the side arms). ment of 0-2 ml. of enzyme solution, or in the measure- 
R ment of 0:09 ml. of antimycin A solution, for 
eagents example, would account for a change of up to 20% 


Glass-redistilled water was used in making up all solu- in the percentage inhibition recorded. Smaller 
tions, and pH values of solutions were checked with a glass | ¢ymulative errors over the whole set of pipetting 
electrode. ; ; ; ; z : operations would produce the same effect. Method 1 

Antimycin A was kindly given by I rofessor F. M. Strong. is more susceptible to such errors. The apparent 

p-Aminophenylarsenoxide was kindly given by Professor lis ‘ h al i : 
BC Slater. C isagreement etween the two met ods, ass own in 

BAL (2:3-dimercaptopropanol) was the pure compound Table 1, is therefore not as serious as might be 

thought at first sight. Secondly, it can be seen that 


manufactured by Boots Pure Drug Co., Nottingham. : y : : 
Cytochrome ¢ was the powder supplied by L. Light and _ the ratio of antimycin A to enzyme preparation was 


Co., Colnbrook, Bucks. Solutions in water were standardized increased in the second experiment. Whereas a 
spectrophotometrically (Potter, 1946). corresponding increase in the degree of inhibition 
Borate buffer. That described by Bonner (1954) was used. has been recorded with Method 2, no such increase 
Succinate, L-histidine and KCN solutions were as pre- was observed with Method 1. In fact, Method 1 gave 
viously described (Thorn, 1953) and were adjusted to a higher percentage inhibition than Method 2 in the 


Pr first experiment, and a lower percentage inhibition 
RESULTS in the second. The error would appear to be random, 

7 er ee and not asystematic error arising from, for example, 

a ii .— of the different lengths of time during which the 
Ee ee ee enzyme was exposed to the inhibitor before the 


It was desirable first of all to compare the results assay of enzyme activity was performed. In 
obtained by the two methods described for studying general, therefore, Method 2 was used in preference 
the inhibition of succinic oxidase by antimycin A. to Method 1, except in cases where a large number of 
The experiments illustrated in Table 1 show thatthe observations was to be made. As was pointed out in 


Table 1. Comparison of methods for studying the degree of inhibition of succinic oxidase by antimycin A 


Method 2. The method was exactly as described in the Methods section. Mixtures before addition to flasks contained 
12-9 mg. of enzyme and 1-46 yg. (Expt. 1) or 1-55 ug. (Expt. 2) of antimycin A in 2-5 ml. Enzyme and inhibitor were in 
contact for about 20 min. before zero readings were taken in the measurement of succinic oxidase activity. Method 1. The 
principle of the method was as described in the Methods section, but dilute solutions of antimycin A were obtained as 
described below, instead of in the usual way. The quantities of heart-muscle preparation and of antimycin A which were 
mixed and diluted to 2-5 ml. in Method 2 were separately diluted to 2-5 ml., the enzyme with 0-2M borate, pH 7-3, and the 
inhibitor with aqueous ethanol. The diluted enzyme was added to the side arms, and the diluted inhibitor to the main 
compartménts of the flasks, the volumes added being equal to the volume of the mixture added in Method 2. Aqueous 
ethanol was added to the control flasks. Enzyme and inhibitor were mixed after temperature equilibration, that is, about 
3 min. before zero readings were taken. Succinic oxidase activity was measured manometrically at 37°. Constituents of 
the reaction mixture were: borate, pH 7-3, 0-1M; histidine, 4-1 x 10-3m; succinate, 0-025m; enzyme and inhibitor as shown; 
ethanol, 0-06 ml. in Method 1, approx. 0-008 ml. in Method 2; total vol., 3-0 ml. 

Succinic oxidase activity 


(ul. of O,/hr.) 


Enzyme Antimycin A —- a4". Inhibition 
Expt. (mg.) (ug-) Method Control Inhibited (%) 
1 1-03 0-117 1 555 368 33-7 
2 534 396 25°9 
2 0-77 0-093 1 375 261 30-4 
2 365 169 53-7 
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the Methods section, it was regarded as essential to 
use Method 2 whenever the effect of various condi- 
tions or compounds on inhibition by antimycin A 
was being investigated. 

An example of the successful use of Method 2 is 
given in Table 2, in which is shown the effect of 
enzyme concentration on inhibition by antimycin A 
at a constant ratio of antimycin A to enzyme pre- 
paration. It is evident that a fourfold change in the 
enzyme concentration had no effect on the degree of 
inhibition. 

Indeed, this result is implicit in the work of 
Potter & Reif (1952) who, with rat-liver suspensions, 
demonstrated direct proportionality between en- 
zyme concentration and the amount of antimycin A 
necessary to produce 50 % inhibition, and used this 
observation as the basis for what they defined as the 
‘antimycin titre’ of a tissue. The experiments of 
Potter & Reif (1952) were based on the theoretical 
approach worked out by Ackermann & Potter 
(1949), which was designed to distinguish between 
reversible and irreversible or ‘pseudo-irreversible’ 
inhibition. This approach requires experiments in 
which the enzyme concentration is varied in the 
absence and in the presence of a fixed amount of 
antimycin A. If the experiment is repeated with 
different fixed amounts of antimycin A, a series of 
curves can be obtained, as shown in Fig. 1. These 
curves are similar to those already published by 
Potter & Reif (1952). The four fixed amounts of 
antimycin A taken were in the ratio 2:3:4:6, and 
the corresponding amounts of heart-muscle pre- 
paration at 50% inhibition were in the ratio 
2-0:3-0:4-2: 5-7. 

Although it would seem that at intermediate 
degrees of inhibition the degree of inhibition is 
dependent only on the ratio of antimycin A to 


Table 2. Effect of enzyme concentration on inhibition 
of succinic oxidase by antimycin A, at a given ratio 
of antimycin A to enzyme 


Inhibited preparation: normal heart-muscle preparation 
was treated with antimycin A by Method 2 (see Methods 
section). Mixture before addition to flasks contained 
12-9 mg. of enzyme and 1-55 yg. of antimycin A in 2-5 ml. 
Control preparation: treatment as above, except that 
ethanol was substituted for stock ethanolic solution of 
antimycin A. Succinic oxidase activity was measured 
manometrically at 37°. Constituents of reaction mixture 
were: borate, pH 7-3, 0-1m; histidine, 4-1 x 10-m; suc- 
cinate, 0-025M; heart-muscle preparation as shown; total 
vol., 3-0 ml. 

Succinic oxidase activity 
(ul. of O,/hr.) 


Enzyme a Inhibition 
(mg.) Control Inhibited (%) 
0-39 180 89 50-6 
0-77 365 169 53-7 
1-54 701 343 51-2 
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heart-muscle preparation, it is not at once certain 
that this is the case at 100% inhibition, since the 
lower parts of the curves are difficult to establish 
exactly. However, by a simple transformation of 
the co-ordinates of the experimental points it is 
possible to superimpose the members of a set of 
curves of this type, as was shown by Potter & Reif 
(1952). A transformation, different from that 
adopted by Potter & Reif, and from which further 
conclusions may be drawn, is given in a later section 
(Fig. 3). It is therefore evident that the form of the 
curves is dependent solely on the ratios of antimycin 
A to heart-muscle preparation, and it may be con- 
cluded that the stoicheiometry between the amounts 
of antimycin A and of heart-muscle preparation 
holds good at all degrees of inhibition. 

In the series of heart-muscle preparations used in 
this study, no significant differences have been 
observed between normal preparations and low- 
phosphate preparations suitably activated. In 
preparations in media containing very small 
quantities of inorganic phosphate, and no other 
activator, certain complications arise, which are 
described in a later section. In general, however, 
1 mg. of heart-muscle preparation was inhibited 
50% by 0-12-0-16 ug. of antimycin A. The low- 
phosphate preparations used earlier in the investiga- 
tion required more antimycin A than the normal 
preparations used at later stages, within the limits 


8 


8 8 
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Succinic oxidase activity (ul. of O2/hr.) 


8 





0 05 10 15 
Heart-muscle preparation (mg.) 


Fig. 1. Effect of enzyme concentration on succinic oxidase 
activity, in the absence and in the presence of fixed 
amounts of antimycin A. Low-phosphate heart-muscle 
preparation treated with antimycin A by Method 1 (see 
Methods section). Succinic oxidase activity was measured 
manometrically at 37° in the presence of borate, pH 7-3, 
0-1 M; histidine, 4-1 x 10-*m; succinate, 0-025; total vol., 
3-0 ml. Quantities of antimycin A:@, none; @, 0-067 yg. ; 
@. 0-10 ug.; ©, 0-133 ug.; @, 0-20 ug. 
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just quoted. No particular significance is attached 
to this slight difference. If the amount of antimycin 
A necessary to inhibit a given quantity of heart- 
muscle preparation by 50% was increased by a 
half, the inhibition increased virtually to 100%, 
whereas if the amount of antimycin A was decreased 
by a half, the inhibition decreased to 5-10%. 
Taking the average figure of 0-14 yg. as the amount 
of antimycin A required to inhibit 1 mg. of pig heart- 
muscle preparation by 50 %, the amount required to 
inhibit completely would be about 0-21 yg., and 
with 548 as the molecular weight of the inhibitor 
this represents 0-38 x 10-3 mole. Slater (1949b) 
reported that the concentration of cytochrome c in 
a horse heart-muscle preparation was 0-8 pmole/g., 
so that Img. of preparation would contain 
0-8 x 10-% mole. The amount of antimycin A 
required to inhibit succinic oxidase completely is 
thus of the same order of magnitude as the amount 
of a single component of the cytochrome system 
(assuming all the components are present in equal 
amounts). The deviation from exact equivalence of 
these two figures may not be significant, but appears 
to be similar to that reported by Chance (1952). 





Restoration of activity to preparations 
inhibited by antimycin A 


The results of experiments of the type suggested 
by Ackermann & Potter (1949), and shown in 
Fig. 1, are of interest from two points of view. The 
first aspect, discussed in the previous section, is the 
stoicheiometry which evidently governs the inter- 
action between antimycin A and _ heart-muscle 
preparation. The second aspect is the sigmoid shape 
of the curves obtained when enzyme concentration 
is varied in the presence of a fixed amount of anti- 
mycin A. Normally, with irreversible or ‘pseudo- 
irreversible’ inhibitors, a straight line, parallel to 
the line obtained in the absence of inhibitor, is 
expected. Such a line has been obtained with 
succinic oxidase preparations, for example, with 
the inhibitors Cu?+ and quinone (Ackermann & 
Potter, 1949). In these examples, the amount of 
inhibitor added inactivates completely a quantity of 
enzyme equal to the intercept on the abscissa, and 
any excess of enzyme is unaffected, having the same 
activity ds the uninhibited control (i.e. the slope of 
the line is the same as the slope in the absence of 
inhibitor). With inhibition by antimycin A, the 
amount of enzyme in excess of that inhibited com- 
pletely appears to have an activity greater than 
that of the uninhibited control (i.e. the ‘slope’ of the 
line is greater than the slope in the absence of in- 
hibitor). Such a possibility is unlikely, and the 


alternative explanation is that a completely in- 
hibited preparation regains activity when treated 
with an uninhibited preparation. This is illustrated 
in Table 3. The oxygen consumption which might 
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be expected in flask 3, calculated by halving the sum 
of the oxygen consumptions in fiasks 1 and 2, is 
only 274 yl./hr. In fact an oxygen consumption of 
447 yl./hr. was obtained. The excess oxygen con- 
sumption of 173 yl./hr. must represent some kind of 
reactivation of previously inhibited succinic oxidase. 
Furthermore, the oxygen consumption in flask 3 is 
very close to that in flask 4, confirming that the 
degree of inhibition observed is dependent solely on 
the final ratio of antimycin A to heart-muscle pre- 
paration. It is also evident that the curves obtained 
in Fig. 1 by the method of Ackermann & Potter 
(1949) could also have been produced by adding 
increasing quantities of uninhibited heart-muscle 
preparation to appropriate amounts of completely 
inhibited preparation. 

Potter & Reif (1952) suggested that the sigmoid 
shape of the curves, previously referred to, was 
understandable in terms of ‘an irreversible inhibi- 
tion of a component that is either originally present 
in excess or is accompanied by other components 
that are preferentially titrated by the inhibitor’. In 
the first alternative, the component present in 
excess, added with the uninhibited preparation, 
would provide an electron-transport mechanism for 
the inhibited as well as the uninhibited succinic 
oxidase, presumably by interaction between anti- 
mycin-bearing and antimycin-free particles. In the 
second alternative, antimycin A would be removed 
from the antimycin-bearing particles by some 
enzymically inert substance in the uninhibited 


Table 3. Restoration of activity to an antimycin- 
inhibited succinic oxidase preparation by addition 
to it of uninhibited preparation 


Enzyme A: normal heart-muscle preparation was treated 
with antimycin A by Method 2 (see Methods section). 
Mixture before addition to flasks contained 12-4 mg. of 
enzyme and 2-02 yg. of antimycin A in 2-5 ml. Enzyme B: 
treatment as for A, but mixture contained 12-4 mg. of 
enzyme and 1-01 yg. of antimycin A in 2-5 ml. Enzyme C: 
control treatment as for A, except that ethanol was sub- 
stituted for stock ethanolic solution of antimycin A. Succinic 
oxidase activity was measured manometrically at 37°. 
Constituents of reaction mixture were: borate, pH 7:3, 
0-1m; histidine, 4-1 x10-°m; succinate, 0-025m;_heart- 
muscle preparation as shown; total vol., 3-0 ml. 


Succinic 

oxidase 

Enzyme activity 

Flask Enzyme (mg.) (pl. of O,/hr.) 

1 c 0-99 531 
2 A 0-99 16 
(C 0-495) = 
$ | A 0-495) = 
4 B 0-99 459 
Average of activities in flasks 1 and 274 


2, to be expected in flask 3 
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preparation, so that reactivation occurred, similar 
in mechanism to that which was subsequently 
reported to take place when serum albumin was 
added to antimycin-inhibited preparations (Reif & 
Potter, 1953). 

The results of Table 3 will now be discussed in 
more detail, in order to explore possible reasons for 
the results observed, and to act as a starting point 
for the experimental approach adopted in the next 
section. Since the oxygen consumptions in flasks 3 
and 4 differed from one another by less than 3 %, the 
discrepancy may be attributed to experimental 
error, and it will be assumed that they were both 
453 pl. of O,/hr., that is, the average of the observed 
activities. If, now, the fraction C in flask 3 retained 
the activity it was observed to have in flask 1, it 
would have contributed 266 pl. of O,/hr. to the total 
of 453 pl. of O,/hr., leaving 187 pl. of O,/hr. as the 
contribution of the reactivated fraction A. Further- 
more, the reactivated fraction A might have con- 
sisted of uniformly active enzyme, having a Qo, less 
than that of fraction C, or it might itself have con- 
sisted of two fractions, one remaining completely 
inactive, the other being fully reactivated and having 
a Qo, equal to that of fraction C. On the other hand, 
the enzyme in flask 4, which had an activity equal to 
that of the mixture in flask 3, might be expected to 
be a homogeneous suspension rather than a hetero- 
geneous collection of fractions of different activities 
such as those postulated above. It is to be expected 
that the two mixtures of heart-muscle preparation 
and antimycin A, present in flasks 3 and 4, both 
having the same final ratio of enzyme to inhibitor 
and both possessing the same activity, would have 
the same distribution of antimycin A. It then 
follows, either that in flask 3 fractions C and A 
became equal in activity by redistribution of anti- 
mycin A between them, or that there was an in- 
homogeneous distribution of antimycin A in flask 4, 
leading to fractions of unequal activity. 

Further experiments, described in the next two 
sections, were carried out in an attempt to throw 
some light on this problem. 


State of activity of preparations partially 
inhibited by antimycin A 

When a preparation, after treatment with any 
inhibiting substance, shows diminished activity, the 
two simplest possibilities are that either a fraction 
of the enzyme has been inhibited completely, leaving 
the remainder fully active (for example, the usual 
case with irreversible inhibition), or that the whole 
of the enzyme has a uniformly diminished activity. 
In other words, if the enzyme after treatment has 
50% of its original activity, this may be because 
half of it has been inhibited completely, leaving the 
other half fully active, or it may be because the 
whole of the enzyme is 50 % active. 
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Putting this concept in terms of elementary 
enzyme kinetics, the enzyme reaction is first repre- 
sented in the usual way: 


k, ks 


E+S =ES~E+P, 
key 
ke+ky 
V=k;[E], and K,,= a :, 
1 


where E represents enzyme, S succinate, ES the 
enzyme-succinate complex, and P the products of 
the reaction. k,, k, and kj, are velocity constants, V 
is the velocity of the reaction at infinite succinate 
concentration (which for the purposes of this dis- 
cussion will be taken to approximate to the velocity 
of the reaction at optimum succinate concentration), 
and K,, is the Michaelis constant. The velocity 
constant k; is represented with a prime because it 
has been shown (Slater & Bonner, 1952) that it is 
not in fact a constant, but varies with the nature and 
concentration of the hydrogen acceptors. Slater & 
Bonner were able to demonstrate this because k, was 
found to be much greater than k,, and therefore 
played a large part in determining the magnitude 
of K,,. 

Now, if half the enzyme is inhibited 100%, 
leaving the remainder fully active, V will have 
altered because of a fall in [E], whereas if the whole 
of the enzyme is inhibited 50%, V will have altered 
because of a decrease in kj. It is evident that more 
complex cases will be represented by alterations in 
V due to changes both in [E] and kj simultaneously. 
A convenient way of deciding whether or not k} has 
altered is to compare the K,, values of uninhibited 
and partially inhibited preparations. If K,, of a 
partially inhibited preparation is the same as that 
of an uninhibited preparation it may be concluded 
that ki has not altered, and that the inhibition is due 
to complete inhibition of a fraction of the enzyme, 
leaving the remainder fully active. If the K,, of 
a partially inhibited preparation is less than that of 
an uninhibited preparation it follows that k; has 
diminished. Distinction between a fall exclusively 
in ki and a fall simultaneously in both k; and [E] will 
be pointed out in connexion with the results of 
experiments carried out according to the principles 
described above. 

In practice, it was more convenient to determine 
the ratio K,,/K; (Thorn, 1953), where K; is the 
inhibitory constant of the competitive inhibitor 
malonate, rather than K,,. Variations in this ratio 
would be a result of changes in K,,, since K; is a 
constant. K,,/K,; was calculated from the degree of 
inhibition of succinic oxidase activity at one con- 
centration of substrate and inhibitor (method 3 of 
Thorn, 1953). For each sample of uninhibited or 
inhibited heart-muscle preparation, however, at 
least two malonate concentrations were used 
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(except where it is explicitly stated that one concen- 
tration only was used), and the K,,,/K; ratio arrived 
at was the average of the ratios calculated separ- 
ately for each malonate concentration. An example 
of an experiment of this type is shown in Table 4. 
This method of approach was used not only with 
preparations partially inhibited by antimycin A, 
but also, for comparison, with preparations 
partially inhibited by treatment with BAL in the 
presence of air for different periods of time. For 
further comparison, preparations partially in- 
hibited by p-aminophenylarsenoxide were also 
used, since this inhibitor specifically and irreversibly 
(under the conditions of these experiments) inhibits 
succinic dehydrogenase (Slater, 1949e), and would 
be expected to alter [E] rather than k;. Finally, 
since the variation of K,,,/K,; (suecinate—malonate) 
with Qo, has already been investigated by measuring 
succinate-methylene blue reductase activity at 
different methylene blue concentrations (Thorn, 
1953), an experiment of this kind was also included. 
The results of all these experiments have been 
collected in Fig. 2, where the K,,/K,; ratios have 
been plotted against the Qo, values of the differently 
treated preparations. In the case of succinate— 
methylene blue reductase the Q,, values have been 
halved in order to correct for the fact that H,O,, and 
not water, is an end product of the reaction (Slater & 
Bonner, 1952). The slight scatter of the points in 
Fig. 2 is certainly to be attributed partly to the fact 
that different heart-muscle preparations were used 
during the accumulation of the results, although an 
attempt was made to achieve reproducibility of 





Table 4. Determination of the ratio K,,,/K, (succinate— 
malonate) in a succinic oxidase preparation 
partially inhibited by antimycin A 


Normal heart-muscle preparation was treated with 
antimycin A by Method 2. Mixture before addition to 
flasks contained 10-0 mg. of enzyme and 1-18 yg. of anti- 
mycin A in 2-5 ml. This quantity of antimycin A inhibited 
succinic oxidase activity by 33%. Succinic oxidase 
activity was measured manometrically at 37°. Constituents 
of reaction mixture were: borate, pH 7-3, 0-1; histidine, 
4-1 x 10-8; succinate, 0-025m; heart-muscle preparation 
treated as above, 1-0 mg.; malonate as shown; total vol., 
3-0 ml. 

K. (% ) [succinate] _ 


a 955 
K. > i eben’ see Method 3 of Thorn (1953). 
Succinic oxidase activity 

(ul. of O,/hr.) 


With 


Without 
{[ Malonate] malonate malonate 
(m x 103) (%) (v) K,,/K; 
— 353 _ - 
0-333 264 25:3 
1-33 143 27-6 
Average 26-5 
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characteristics by using normal preparations rather 
than the less stable low-phosphate preparations. 
Nevertheless, it is clear that when the Qo, was 
diminished by treatment with various quantities of 
antimycin A, or with BAL in the presence of air for 
various periods of time, the K,,/K, ratio also 
decreased, and in a manner similar to that observed 
when the Qo, was diminished by using different 
methylene blue concentrations in the measurement 
of succinate—methylene blue reductase activity. 
Further, the ordinate intercept was about 3, as was 
found in previous experiments of this type (Thorn, 
1953). These results are in sharp contrast to those 
obtained when the Qy, of succinic oxidase was 
diminished by treatment with different quantities 
of p-aminophenylarsenoxide. In this case the 
K,,,/K;, ratio did not fall correspondingly: in fact it 
increased slightly. It is not clear why the ratio 
should increase rather than remain constant, as 
might have been expected, and this observation 
may be worth further study. 

These experiments demonstrate that if the Qo, of 
succinic oxidase is decreased by partial inhibition 





300 400 500 600 


Qo, 


Fig. 2. Variation of relative affinity of heart-muscle pre- 
parations, treated in various ways, for malonate and 
succinate (K,,/K;) with Qo,. K,,/K; values were deter- 
mined as shown in Table 4. Normal heart-muscle pre- 
parations were used in all cases. @, Uninhibited succinic 
oxidase; ™, uninhibited succinate-methylene blue 
reductase (concentrations of methylene blue, 2-5 x 10-*m 
or 2-5 x 10-8Mm); O, succinic oxidase partially inhibited 
with antimycin A by Method 2 (cf. Table 3); @, succinic 
oxidase partially inhibited by treatment with BAL in air; 
@ . succinic oxidase partially inhibited by p-aminopheny]l- 
arsenoxide. Each point is an average of K,,/K,; values 
obtained from determinations with at least two different 
malonate concentrations, except with succinic oxidase 
partially inhibited by p-aminophenylarsenoxide, when 
single determinations with one malonate concentration 
were carried out. 


0 
0 100 200 
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with p-aminophenylarsenoxide, the lowered Qo, is 
the result of a fall in the amount of active enzyme 
present [E] and not of a fall in the activity (k5) 
of all the enzyme. On the other hand, the lowered 
Qo, obtained after partial inhibition with antimycin 
A, or with BAL in the presence of air, is the result of 
a fall exclusively in the activity (£3) of all the enzyme 
present and not of a fall in the amount of active 
enzyme present [E]. If the lowered Qo, of succinic 
oxidase were the result of a fall both in [E] and in k 
simultaneously, the K,,/K, ratios would not lie on 
a straight line with an ordinate intercept of 3 [the 
value previously found (Thorn, 1953) for K,,/K;, at 
zero k;], but would lie in the space between the two 
lines shown in Fig. 2, possibly on a straight or a 
curved line, and with an ordinate intercept which 
might lie anywhere between 3 and the value for 
uninhibited succinic oxidase, depending on the 
complexity of the inhibitory changes taking place. 

It should be emphasized that inhibition by anti- 
mycin A and by BAL in the presence of air are two 
entirely different processes. Inhibition by anti- 
mycin A appears to be the result of a powerful 
combination between antimycin A and a factor in 
the enzyme preparation, which may be reversed 
under certain conditions, whereas inhibition by 
treatment with BAL in the presence of air appears to 
be the result of chemical destruction of a factor in 
the enzyme preparation, and the effect of this 
reaction has not been shown to be reversible under 
any circumstances (Slater, 1949d). Antimycin A 
and BAL have this in common, however, that the 
part of the succinic oxidase system which they 
attack does not seem to be involved either in 
succinate—methylene blue reductase activity or in 
cytochrome oxidase activity, and that through 
increasing stages of inhibition kj rather than [E] is 
correspondingly diminished. 

Returning now to a consideration of the results 
presented in Table 3, it is clear that the enzyme in 
flask 4 was uniformly diminished in activity, rather 
than a mixture of fractions possessing different 
activities. If, as seems probable, the distribution of 
antimycin A in flasks 3 and 4 was the same, it now 
follows that some of the antimycin A in combination 
with fraction A in flask 3 must have been transferred 
to fraction C, so that both fractions were finally 
combined with equal quantities of antimycin A and 
had the same activity. It would seem that fraction 
C, in process of activating fraction A, itself became 
partially inhibited. The experiments described in 
the next section demonstrate this transfer of 
antimycin A. 


Reversibility of combination of antimycin A with a 
factor in heart-muscle succinic oxidase 


[It has been postulated in the previous section 
that an uninhibited heart-muscle preparation (to be 
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called the ‘activating preparation’), on being 
mixed with an antimycin-inhibited preparation (to 
be called the ‘inhibited preparation’), removes 
antimycin A from the inhibited preparation, 
restoring partial activity to it while itself becoming 
partially inhibited. The principle of the two experi- 
ments to be described was to obliterate the activity 
first of the ‘activating preparation’, and then of the 
‘inhibited preparation’, by 100% inhibition with 
p-aminophenylarsenoxide, so that the final activity, 
after mixing, first of the ‘inhibited preparation’, 
and then of the ‘activating preparation’, could be 
assessed separately. These two experiments, with 
suitable controls, are shown in Tables 5 and 6. 

In Table 5, the activity of a preparation inhibited 
by antimycin A was assessed after mixing it with 
an equal volume of a preparation inhibited by 
p-aminophenylarsenoxide. It is evident, by com- 
parison of flasks 2 and 3 with flask 1, that the oxygen 
consumptions of the antimycin-inhibited and 
arsenical-inhibited samples of enzyme were neg- 
ligible, and that virtually 100 % inhibition had been 
obtained in each case. On mixing equal amounts of 
these two samples in flask 4, a considerable succinic 
oxidase activity was observed, attributable to the 
sample originally inhibited with antimycin A, since 
the succinic dehydrogenase in the arsenical- 
inhibited sample was irreversibly inhibited under 
the conditions of this experiment. In flask 5, an 
amount of preparation containing a quantity of 
active succinic dehydrogenase equal to that in 
flask 4, but with half the quantity of antimycin A, 
showed a succinic oxidase activity equal to that in 
flask 4. This suggested that in flask 4 half the 
amount of antimycin A, originally combined with 
the antimycin-inhibited sample, had been trans- 
ferred to the antimycin-inhibitable factor in the 
arsenical-inhibited sample. Flask 6 showed that 
the presence of arsenical-inhibited preparation had 
no effect on the succinic oxidase activity of an un- 
inhibited preparation mixed with it. 

In Table 6, the activity of an uninhibited pre- 
paration was assessed after mixing it with an equal 
volume of a preparation inhibited both by p-amino- 
phenylarsenoxide and antimycin A. Flasks 2 and 3 
were included in order to show that both treatments 
to which the doubly inhibited enzyme was subjected 
were sufficient to bring about virtually 100% 
inhibition. On mixing the doubly inhibited enzyme 
with the control enzyme, in flask 5, it is evident that 
the activity of the control enzyme was depressed. In 
flask 6, an amount of preparation containing a 
quantity of active succinic dehydrogenase equal to 
that in flask 5, but with half the quantity of anti- 
mycin A, showed a succinic oxidase activity equal 
to that in flask 5. This suggested that in flask 5 
half the amount of antimycin A, originally com- 
bined with the doubly inhibited sample, had been 
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transferred to the antimycin-inhibitable factor in 
the control sample. 

As a comment on the reproducibility of these 
methods, it may be noted that the results presented 
in Table 3 and in Table 6 were obtained with different 
heart-muscle preparations and with different stock 
solutions of antimycin A. By coincidence, the 
control activities expressed as pl. of O,/hr. were the 
same, and it can be seen that the activities of the 
partially inhibited mixtures, obtained by similar 
methods, were within a few per cent of one another. 

It is considered that the experiments presented in 
Tables 5 and 6 together constitute an adequate 
demonstration of the redistribution of antimycin A 
equally over all the antimycin-inhibitable factor 
available when an antimycin-inhibited preparation 
is mixed with an uninhibited preparation. This 
process can scarcely be described as reactivation, 
however, because although the originally inhibited 
fraction has regained some activity, this activity 
has been obtained at the expense of some inhibition 
of the originally uninhibited fraction. 


Effect of concentration of antimycin-inhibitable 
factor on succinic oxidase activity 


It has been previously shown that the velocity 
constant k; for succinic oxidase activity is different 
from the kj for succinate—methylene blue reductase 


Table 5. Reactivation of an antimycin-inhibited 
succinic oxidase preparation by a preparation 


inhibited by p-aminophenylarsenoxide 


Enzyme A: normal heart-muscle preparation (1-0 ml.) 
was treated with 0-32 wequiv. of p-aminophenylarsenoxide 
as described in Methods section. Mixture before addition 
to flasks contained 25-6 mg. of enzyme in 5-0 ml. Enzyme B: 
normal heart-muscle preparation was treated with 
antimycin A by Method 2 (see Methods section). Mixture 
before addition to flasks contained 12-8 mg. of enzyme and 
2-2ug. of antimycin A in 2-5ml. Enzyme C: control 
treatment as for B, except that ethanol was substituted for 
stock ethanol solution of antimycin A. Succinic oxidase 
activity was measured manometrically at 37°. Consti- 
tuents of reaction mixture were: borate, pH 7-3, 0-1M; 
histidine, 4-1 x 10-*m; succinate, 0-025mM; heart-muscle 
preparation as shown; total vol., 3-0 ml. 

Succinic 
oxidase 


Enzyme activity 


Flask Enzyme Inhibitor (mg.) (yl. of O,/hr.) 
1 Cc (Control) 1-02 440 
2 B Antimycin 1-02 9 
3 A Arsenical 1-02 18 
(B Antimycin 1-02 ‘ 
4 |A4 Arsenical 1-02 391 
- (B Antimycin 0-51 ) ‘ 
: Ve (Control) 0-51 J 300 
s ‘Cc (Control) 1-02) as 
S | A Arsenical 1-02) 435 
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Table 6. Inhibition of a succinic oxidase preparation 
by a preparation inhibited both by p-aminophenyl- 
arsenoxide and by antimycin A 


Enzyme A: normal heart-muscle preparation (1-0 ml.) 
was treated with 0-4 equiv. of p-aminophenylarsenoxide 
as described in Methods section. Mixture before addition to 
flasks contained 25-7 mg. of enzyme in 5-0 ml. Enzyme B: 
normal heart-muscle preparation was treated with anti- 
mycin A by Method 2 (see Methods section). Mixture 
before addition to flasks contained 12-9 mg. of enzyme and 
2-04 wg. of antimycin A in 2-5 ml. Enzyme C: normal heart- 
muscle preparation was treated with p-aminopheny]l- 
arsenoxide exactly as A, but before final dilution it was 
treated with antimycin A in the same proportion as B. 
Mixture before addition to flasks contained 25-7 mg. of 
enzyme and 4-08 vg. of antimycin A in 5-0 ml. Enzyme D: 
control treatment as for B, except that ethanol was sub- 
stituted for stock ethanol solution of antimycin A. Succinic 
oxidase activity was measured manometrically at 37°. 
Constituents of reaction mixture were: borate, pH 7:3, 
0-Im; histidine. 4-1 x 10-*m; succinate, 0-025M;_heart- 
muscle preparation as shown; total vol., 3-0 ml. 

Succinic 
oxidase 


Enzyme activity 


Flask Enzyme Inhibitor (mg.) (pl. of O,/hr.) 
1 D (Control) 1-03 531 
2 A Arsenical 1-03 23 
3 B Antimycin 1-03 14 

Cc Arsenical and 1-03 0 
antimycin 
ay Arsenical and 1-03) 
5 antimycin r 461 
(D (Control) 1-03) 
. (B Antimycin 0-514 ) - 
° (D (Control) 0-514 J 466 


activity (Slater & Bonner, 1952). The same workers 
also showed that kj could be progressively altered 
by changing the concentration of methylene blue in 
the measurement of succinate—methylene blue re- 
ductase activity. Since the magnitude of kj depends 
on the concentration of methylene blue, k; must 
contain a variable term, related to methylene blue 
concentration, in addition to a quantity which is a 
true velocity constant. Extending this argument to 
the variable k3;, which has now been demonstrated in 
heart-muscle preparations partially inhibited by 
antimycin (Fig. 2), the variable term in k, would 
logically be related to the concentration of unbound 
antimycin-inhibitable factor in these preparations. 
Following the analogy with methylene blue a step 
further, it is a necessary corollary that each mole- 
cule of antimycin-inhibitable factor is available to 


‘succinic dehydrogenase’ in ‘succinic oxidase 


assemblies’ other than that in which it is situated. 

Since it is common practice in the study of 
enzymes to investigate the effect of the concentra- 
tion of substrates and cofactors on enzyme activity, 


I ae 





En ae 
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an attempt was made to determine the effect of the 
concentration of available antimycin-inhibitable 
factor on the succinic oxidase activity of a given 
amount of heart-muscle preparation. Such an 
attempt is shown in Fig. 3a. The experimental 
points were obtained by transforming the co- 
ordinates of the points shown in Fig. 1, and from 
many other experiments such as those shown in 
Tables 2, 3, 5 and 6, where the succinic oxidase 
activity of a partially antimycin-inhibited pre- 
paration, with a given ratio of antimycin A to heart- 
muscle preparation, was known in relation to the 
succinic oxidase activity of an uninhibited control. 


15 x 


103s/v 


110 
100 
90 
80 
70 
60 
50 
40 


v (% uninhibited activity) 


30 


20 
s (0148 -s’) 
0-06 0-10 0-14 


10 





0-20 0-16 0-12 0-08 0-04 0 

s/ (ug. of antimycin A/mg. of heart-muscle preparation) 
Fig. 3. (a) Variation of succinic oxidase activity with 
decreasing quantities of antimycin A/mg. of heart-muscle 
preparation. The vertical line is the ordinate constructed 
at the apparent point of origin of the hyperbolic part of the 
complex curve. The arrows represent the maximum 
velocity calculated from the line in (6). (6) Points on the 
hyperbolic part of the complex curve in (a) plotted 
according to Lineweaver & Burk (1934). x, Points 
derived from Fig. 1, low-phosphate preparation treated 
with antimycin A by Method 1; @, points obtained from 
experiments with a number of normal preparations 
treated with antimycin A by Method 2 (see Methods 

section). 
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The enzyme activities were all expressed as a 
percentage of the uninhibited control, and the 
quantities of antimycin A present were calculated, 
by simple proportion, in relation to 1 mg. of heart- 
muscle preparation, since, as has been pointed out 
earlier, the degree of inhibition is determined solely 
by the ratio of inhibitor to enzyme. Owing to the 
fact that the form of the curve was the main object 
of the investigation, it was considered justifiable to 
reduce the scatter of the points by correcting these 
quantities of antimycin A, calculated in relation to 
1 mg. of heart-muscle preparation, so that 50% 
activity occurred at the average value of 0-14 yg. of 
antimycin A. It was possible to do this because 
enough experiments had been carried out with each 
preparation to enable an estimate to be made of the 
actual amount of antimycin A required to obtain 
50 % activity. Finally, the quantities of antimycin 
A were plotted on a reversed scale, to represent 
increasing quantities of available antimycin- 
inhibitable factor/mg. of preparation. 

It is evident that the complex curve, obtained by 
the above methods, apparently consists of an initial 
portion which approximates to a straight line, 
followed by a hyperbola. Ifthe presumed hyperbola 
is extrapolated to the abscissa, the co-ordinates of 
the points on this part of the curve can be related 
to a new abscissa scale, obtained, as shown in Fig. 3, 
by subtracting the number of yg. of antimycin A 
shown on the original abscissa scale from the 
number of yg. present at the origin of the hyperbola. 
When the experimental points, related to the new 
abscissa scale, are plotted according to Lineweaver 
& Burk (1934), a straight line is obtained as shown 
in Fig. 3b. It is possible to calculate a theoretical 
maximum velocity and a quantity analogous to a 
Michaelis constant from the Lineweaver—Burk plot. 
The theoretical maximum velocity has been marked 
in Fig. 3a, and proves to be greater than the 
actual maximum velocity observed in uninhibited 
heart-muscle preparations. This would be ex- 
pected, because such preparations do not contain 
an infinite concentration of antimycin-inhibitable 
factor. A quantity analogous to the Michaelis 
constant is not given, since the significance of 
such a quantity in this context is rather doubtful 
at present. 

The experiments of the previous two sections, 
together with the results shown in Fig. 3, suggest 
that the sigmoid curves obtained in Fig. 1 may be 
the result, not only of a particular characteristic 
of the action of antimycin A, but also of the 
kinetic relationship between adjacent components 
of the succinic oxidase system in this type of 
enzyme preparation. These topics will be con- 
sidered in more detail in the Discussion, and in 
relation to the experiments described in the next 
section. 
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Effect of activators and of added cytochrome c on 
inhibition of succinic oxidase by antimycin A 


It has been shown that in the presence of low 
concentrations of inorganic phosphate, heart- 
muscle preparations have a greatly impaired 
succinic oxidase activity (Keilin & Hartree, 1949; 
Slater, 1949c; Ball & Cooper, 1949; Bonner, 1950, 
1954). Activity can be restored to such prepara- 
tions, not only by optimum concentrations of 
inorganic phosphate, but also by other substances, 
notably denatured globin (Keilin & Hartree, 1949; 
Bonner, 1950), histidine (Ball & Cooper, 1949; 
Bonner, 1951, 1954) or ethylenediaminetetraacetic 
acid (Bonner, 1954). Added cytochrome ¢ also has 
an activating effect on succinic oxidase activity, 
which Keilin & Hartree (1949) showed to be a 
specific catalytic effect, rather than the ‘mutual 
accessibility’ effect which they put forward to 
explain the activating effect of denatured globin. 
Since the results presented above have led to the 
postulate that the antimycin-inhibitable factor is 
freely available to ‘succinic dehydrogenase’ it 
follows that at this point in the structure of the 
‘succinic oxidase assembly’ there must be some 
flexibility. Such a point of flexibility might be the 
point at which the mutual accessibility of adjacent 
components of the system assumes greatest im- 
portance for the activity of the system. Accordingly 
histidine and cytochrome c, separately and to- 
gether, were tested for their possible effects on in- 
hibition of succinic oxidase activity by antimycin A 
in a medium containing a suboptimum amount of 
inorganic phosphate. 

The results of one such experiment are given in 
Table 7, and it is clear that the addition of either 
histidine or cytochrome c led simultaneously to an 
increase in the succinic oxidase activity of the 
control and to a decrease in the inhibitory effect of 
antimycin A. In this experiment, contrary to 
previous experience, the addition of cytochrome c to 
the preparation already activated by histidine did 
not lead to a further increase in the succinic oxidase 
activity of the control. However, a further decrease 
in the inhibitory effect of antimycin A was observed. 

Bonner (1954) has shown that preparations in 
media deficient in inorganic phosphate can also be 
activated simply by the addition of more enzyme 
preparation, i.e. the Qo, increases with enzyme 
concentration. This type of activation was also 
tested for its ability to influence inhibition by 


antimycin A. In the experiment described in 


Table 8, the same ratio of antimycin A to heart- 
muscle preparation was present in the three flasks 
containing inhibitor, but different concentrations of 
enzyme were present. It was observed that as the 
Qo, increased with increasing enzyme concentra- 
tions, so the degree of inhibition by antimycin A 
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decreased. This behaviour is in marked contrast to 
the behaviour of fully activated preparations where, 
as was shown in Table 2, the same degree of in- 
hibition is observed at a given ratio of antimycin A 


Table 7. Effects of cytochrome ec and histidine, 
separately and together, on inhibition of succinic 
oxidase by antimycin A, in a medium containing 
a suboptimum concentration of inorganic phosphate 


Inhibited preparation: normal heart-muscle preparation 
was treated with antimycin A by Method 2 (see Methods 
section). Mixture before addition to flasks contained 
12-2 mg. of enzyme and 1-52 yg. of antimycin A in 2-5 ml. 
Control preparation: treatment as above, except that 
ethanol was substituted for stock ethanol solution of 
antimycin A. Succinic oxidase activity was measured 
manometrically at 37°. Constituents of reaction mixture 
were: borate, pH 7-3, 0-1M; succinate, 0-025m; heart- 
muscle preparation, 0-97 mg.; inorganic phosphate (intro- 
duced with enzyme), 6-8 x 10-4M; total vol., 3-0 ml. When 
added, concentration of cytochrome ¢ was 5 x 10-5m, and 
concentration of histidine was 4-1 x 10-3m. 


Succinic oxidase activity 
(ul. of O,/hr.) 





— ——__, Inhibition 
Additions Control Inhibited %) 
None 193 47 75-7 
Cytochrome c 266 122 54-2 
Histidine 569 353 38-0 
Cytochrome ¢ } 369 394 30-8 


Histidine ) 


Table 8. Effect of enzyme concentration on inhibition 
of succinic oxidase by antimycin A, at a given ratio 
of antimycin A to enzyme, in a medium containing 
a suboptimum concentration of inorganic phosphate 


Inhibited preparation: normal heart-muscle preparation 
was treated with antimycin A by Method 2 (see Methods 
section). Mixture before addition to flasks contained 
12-9 mg. of enzyme and 1-30yg. of antimycin A in 2-5 ml. 
Control preparation: treatment as above, except that 
ethanol was substituted for stock ethanol solution of 
antimycin A. Succinic oxidase activity measured mano- 
metrically at 37°. Constituents of reaction mixture were: 
borate, pH 7-3, 0-1M; succinate, 0-025m; heart-muscle 
preparation as shown; inorganic phosphate, 2-16 x 10-°m; 
total vol., 3-0 ml. This amount of inorganic phosphate was 
that unavoidably added with the enzyme preparation when 
used at the highest concentration. The amounts of in- 
organic phosphate present at the two lower enzyme con- 
centrations were made equal to that at the highest enzyme 
concentration by addition of suitable quantities of dilute 
phosphate buffer. 

Succinic oxidase activity 
(ul. of O/hr.) 


Enzyme ——_———- ————, Inhibition 
(mg.) Control Inhibited (%) 
0-514 62 20 68 
1-54 420 186 56 
3-08 928 556 40 
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to heart-muscle preparation, irrespective of enzyme 
concentration. 

It is concluded that activators and cytochrome c 
interact with heart-muscle preparations at a point 
very close to that at which antimycin A exerts its 
inhibitory effect, and that their effect in decreasing 
the inhibition due to antimycin A is not to be 
attributed to the removal of antimycin A, as was 
observed by Reif & Potter (1953) with serum 
albumin, but is a result of improved communication 
between ‘succinic dehydrogenase’ and the re- 
mainder of the electron-transport system, either by 
increased ‘mutual accessibility’ in the case of 
activators, or perhaps as a kind of ‘electron bridge’ 
in the case of cytochrome c. 

Support is given to this interpretation, in the case 
of cytochrome c, by the experiment illustrated in 
Fig. 4. The effect of enzyme concentration on 
succinic oxidase activity in the absence and in the 
presence of a fixed amount of antimycin A is shown, 
both in the absence and in the presence of cyto- 
chrome c. Different ordinate scales have been 
chosen, so that the activities in the absence of anti- 
mycin A appear to be the same whether cytochrome 


300 


300 


(pl. of Oo/hr.) 
Ww 
8 
Succinic oxidase activity with cytochrome c 
(pl. of O2/hr.) 


Succinic oxidase activity without cytochrome c 


200 
100 
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0 ! 0 


0 02 0-4 06 0-8 1-0 
Heart-muscle preparation (mg.) 


Fig. 4. Effect of enzyme concentration on succinic oxidase 
activity, in the absence and in the presence of a fixed 
amount of antimycin A, carried out in the absence and in 
the presence of cytochrome c. Low-phosphate heart- 
muscle preparation was treated with antimycin A by 
Method 1 (see Methods section). Succinic oxidase 
activity was measured manometrically at 37° in the 
presence of borate, pH 7-3, 0-1M; histidine, 4-1 x 10-°m; 
succinate, 0-025M; antimycin A, when added, 0-133 yg. ; 
cytochrome c, when added, 4 x 10-'; total vol., 3-0 ml. 
O, Cytochrome ¢ absent, antimycin A absent; @, cyto- 
chrome ¢ present, antimycin A absent; (1, cytochrome c 
absent, antimycin A present; ™, cytochrome c present, 
antimycin A present. 
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c was present or not. It appears that the effect of 
cytochrome c is to modify the shape of the rising 
portion of the curve, rather than to alter the amount 
of preparation inhibited completely by the quantity 
of antimycin A used. The results of Reif & Potter 
(1953) also indicate that antimycin A, unlike the 
naphthoquinone SN-5949, is not bound by added 
cytochrome c. In terms of a transformation of data, 
similar to that shown in Fig. 3a, this effect of cyto- 
chrome c would be mainly to alter the characteristics 
of the hyperbola. 

Preliminary studies (Thorn, 1956) of the effect of 
lack of optimum concentrations of inorganic phos- 
phate or histidine on the characteristics of the 
hyperbola obtained as shown in Fig. 3a suggest that 
activators affect both the quantity analogous to K,, 
and the maximum velocity. The quantity analogous 
to K,, may perhaps be interpreted as an inverse 
measure of the ‘affinity’ or ‘accessibility’ of the 
antimycin-inhibitable factor to an adjacent com- 
ponent in the electron-transport system. Detailed 
appraisal of this type of evidence must await 
further study, which is being pursued at the present 
time. 


Component of the preparation inhibited 
by antimycin A 


Ahmad et al. (1950) showed that antimycin A had 
little effect on succinic dehydrogenase (succinate— 
methylene blue reductase) and no effect on cyto- 
chrome oxidase, although very high concentrations 
of antimycin A had a definite inhibitory effect on 
succinic dehydrogenase. These observations have 
been confirmed in the present study, although no 
attempt was made to use the very high concentra- 
tions of antimycin A reached by Ahmad e¢ al. (1950). 
With a quantity of antimycin A just sufficient to 
inhibit succinic oxidase activity completely, the 
inhibition of succinate—-methylene blue reductase 
activity was, in one experiment, 18%, and this 
degree of inhibition did not increase when the ratio 
of antimycin A to heart-muscle preparation was 
increased 2-5 times. An amount of antimycin A 
double that which was just sufficient to inhibit 
succinic oxidase activity completely had no effect 
on cytochrome oxidase activity calculated at 
infinite cytochrome c concentration, and no effect on 
the catalytic efficiency of the added cytochrome c. 

On the basis of this kind of observation, and of 
other features of the effect of antimycin A, Potter & 
Reif (1952) tentatively suggested that the com- 
ponent of the succinic oxidase system which was 
inhibitable by antimycin A might be the BAL- 
sensitive factor (Slater, 1948, 1949d). An experi- 
ment combining the use of BAL and antimycin A 
was devised in an attempt to test the possibility that 
the antimycin-inhibitable factor and the BAL- 
sensitive factor might be identical. 
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It was argued that if the two factors were the same 
substance, then destruction of the BAL-sensitive 
factor in a sample of heart-muscle preparation 
might deprive the preparation of its power to 
restore activity to an antimycin-inhibited sample. 
The experiment is shown in Table 9. The enzyme 
samples in flasks 2 and 3, treated with antimycin A 
and with BAL respectively, showed negligible 
activity when compared with an untreated sample 
in flask 1. On mixing the two inhibited samples 
together, however, some succinic oxidase activity 
was restored to the antimycin-inhibited sample, as 
shown in flask 4. This succinic oxidase activity was 
slightly less (12%) than the activity obtained with 
an amount of preparation containing a quantity of 
potentially active succinic oxidase equal to that 
added as antimycin-inhibited preparation in flask 4, 
but with half the quantity of antimycin A (flask 5). 
However, in flask 6 it is shown that the activity of 
the control sample was slightly inhibited (10%) by 
the preparation treated with BAL. The depression of 
activity in flask 4 compared with flask 5, being 
similar to the depression of activity in flask 6 com- 
pared with flask 1, would be entirely accounted for 
by some inhibiting substance introduced with the 
BAL-treated sample of enzyme. It is therefore 


Table 9. Reactivation of an antimycin-inhibited 
succinic oxidase preparation by a preparation 
inhibited by BAL in the presence of air 


Enzyme A: normal heart-muscle preparation (1-0 ml.) 
was treated with BAL (final concn. 0-012M) as described in 
Methods section. Mixture was shaken at 37° for 30 min., 
during which time an oxygen uptake of 178 yl. occurred. 
Mixture before addition to flasks contained 24-3 mg. of 
enzyme in 5-Oml. Enzyme B: normal heart-muscle 
preparation was treated with antimycin A by Method 2 
(see Methods section). Mixture before addition to flasks 
contained 12-2 mg. of enzyme and 2-1 yg. of antimycin A in 
2-5 ml. Enzyme C: control treatment as for B, except that 
ethanol was substituted for stock ethanol solution of 
antimycin A. Succinic oxidase activity measured mano- 
metrically at 37°. Constituents of the reaction mixture 
were: borate, pH 7-3, 0-1m; histidine, 4-1 x 10-*m; 
succinate, 0-025m; heart-muscle preparation as shown; 
total vol., 3-0 ml. 


Succinic 
oxidase 
Enzyme activity 
Flask Enzyme Inhibitor (mg.) (yl. of O,/hr.) 
l C (Control) 0-97 562 
2 B Antimycin 0-97 16 
3 A BAL+0, 0-97 10 
(B Antimycin 0-97 ) 
*.. ita BAL +0, 0-97 | iat 
i (B Antimycin 0-485 )} ale 
D in . . oe f 506 
ie (Control) 0-485 } 
: (C (Control) 0-97 ) cas 
* Ga BAL +0, 0-97 | — 
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concluded that treatment with BAL in the presence 
of air, for the length of time necessary to inhibit 
succinic oxidase activity completely, does not 
impair the capacity of a heart-muscle preparation 
to combine with antimycin A. 


DISCUSSION 


General features of inhibition of succinic 
oxidase by antimycin A 


Antimycin A, as has been previously demonstrated 
by Ahmad e¢ al. (1950), inhibits succinic oxidase 
activity, and the very low concentrations necessary 
for complete inhibition have little or no effect on 
succinate—methylene blue reductase activity or on 
cytochrome oxidase activity. At complete in- 
hibition of succinic oxidase activity the molarity of 
the inhibitor and the probable molarity of the in- 
hibited factor in the electron-transport system are 
of the same order of magnitude. This agrees with the 
findings of Chance (1952), and indicates a very 
powerful combination between antimycin A and the 
factor. A result of this powerful combination is the 
possibility of ‘titrating’ the antimycin-inhibitable 
factor in succinic oxidase preparations, as has been 
demonstrated by Potter & Reif (1952). The same 
authors have also shown that the degree of in- 
hibition of succinic oxidase activity by antimycin A 
is a function solely of the ratio of inhibitor to enzyme 
preparation. These aspects of the action of anti- 
mycin A have been confirmed in the present study. 
Reif & Potter (1953) pointed out that these 
characteristics of antimycin A lead to its classifica- 
tion as an irreversible or ‘pseudo-irreversible’ in- 
hibitor, according to the criteria of Ackermann & 
Potter (1949). At the same time, Reif & Potter 
(1953) reported that inhibition by antimycin A 
could be reversed by the addition of serum proteins, 
and traced this action of serum to the albumin 
fraction. On the basis of these results antimycin A 
was classed as a ‘ pseudo-irreversible’ inhibitor. The 
present work does not alter this conclusion, but 
emphasizes the ready reversibility of the combina- 
tion between antimycin A and the factor, since it 
has been shown that antimycin A rapidly re- 
distributes equally over the available factor when 
inhibited and uninhibited preparations are mixed 
together. 

The redistribution of antimycin A does not, 
however, explain the sigmoid type of curves ob- 
tained in experiments of the type described by 
Ackermann & Potter (1949), and illustrated in 
Fig. 1. It would be expected that, provided that the 
same amount of factor was bound by antimycin A, 
straight lines parallel to the line obtained in the 
absence of inhibitor would result, whatever the 
distribution of antimycin A. Possible reasons for 
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this sigmoid type of curve will be considered in 
detail, with special reference to Fig. 3, and to the 
finding that the depression of activity in partially 
antimycin-inhibited preparations is the result of a 
fall in the activity (k3) of all the enzyme present, 
rather than a fall in the amount of active enzyme 
present ([E]). 

The normal case of an irreversible or ‘pseudo- 
irreversible’ inhibitor would be represented, in a 
plot such as Fig. 3a, by a straight line from zero to 
100 % activity. Such a line, when transformed to 
the type of plot shown in Fig. 1, gives a straight line 
parallel to the line obtained in the absence of in- 
hibitor, as expected. Potter & Reif (1952) sug- 
gested that the sigmoid curve might be explained by 
the presence of another component in the prepara- 
tion, preferentially titrated by antimycin A. Such 
a suggestion, although acceptable on qualitative 
grounds, is unlikely for the following reasons: 

(1) If the combination between antimycin A and 
the competing substance were irreversible, addition 
of antimycin A to an enzyme preparation in suc- 
cessively greater quantities would, at first, lead to 
no inhibition at all. Since the combination between 
antimycin A and the factor has been shown to be 
reversible, antimycin A would preferentially com- 
bine almost exclusively with the competing sub- 
stance. When, however, the competing substance 
had combined with antimycin A to its full capacity, 
inhibition of the factor would then proceed linearly 
with successively greater additions of antimycin A. 
The form of curve obtained in this way would not be 
hyperbolic, but would be similar to the type of curve 
which Slater (1949e) found to describe the effect of 
increasing quantities of p-aminophenylarsenoxide 
on heart-muscle preparations. [If Slater’s (1949e) 
Fig. 4 is viewed upside down, the scales correspond 
in direction with those of Fig. 3a of this paper. ] 

(2) If the combination between antimycin A and 
the competing substance were reversible, the 
quantity of antimycin A added would be partitioned 
between the competing substance and the factor 
in a constant ratio, depending on their relative 
affinities for antimycin A. The partition of anti- 
mycin A between competing substance and factor 
would be independent of the concentration of 
antimycin A, in a situation analogous to the parti- 
tion of an enzyme between its substrate and a com- 
petitive inhibitor, which is independent of enzyme 
concentration. Fig. 3a would again appear as a 
straight line from zero to 100% activity, but the 
scale of antimycin A added/mg. of preparation 
would not represent the actual amount of anti- 
mycin A in combination with the factor. It is worth 
noting that such a state of affairs might be super- 
imposed on the complex curve in Fig. 3a. It is, in 
fact, impossible to tell from the present data 
whether there might not be such a competing sub- 
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stance, the only effect of which would be to alter the 
abscissa scale without influencing the form of the 
curve. 

(3) If the competing substance were an enzymic- 
ally inert substance in the preparation, e.g. an inert 
or denatured protein, it might be expected that the 
amounts of antimycin A required for 50 % inhibition 
would vary considerably among preparations, or 
even in the same preparation during ageing. In 
fact, the constancy of the characteristics of in- 
hibition by antimycin A is one of its striking 
features. This objection would, of course, be ruled 
out if the competing substance were a component 
of the succinic oxidase system itself, but whose 
catalytic properties were not affected by combina- 
tion with antimycin A. 

Since the presence of a competing substance does 
not satisfactorily explain the data, the other possi- 
bility suggested by Potter & Reif (1952) may be 
examined, that is to say, that the component 
inhibited by antimycin A might be in excess. If the 
component is present in an amount greater than 
that required for maximum activity, the gradual 
addition of increasing quantities of antimycin A 
would produce, at first, no inhibition, and then, a 
linear response of inhibition to amount of antimycin 
A. The result would be a curve somewhat like that 
which would occur in the presence of a competing 
substance combining irreversibly with antimycin A. 
The explanation now to be submitted does, however, 
involve the properties of the electron-transport 
system, rather than the properties of antimycin A 
or of a competing substance. 

It has been pointed out that there is an analogy 
between the variable k; observed when different 
methylene blue concentrations are employed in the 
estimation of succinate—methylene blue reductase 
activity, and the variable k; which is observed when 
different concentrations of antimycin A are present 
during the estimation of succinic oxidase activity. 
The variable factor in k, under these latter cireum- 
stances was postulated to be related to the available 
amount of free antimycin-inhibitable factor, and 
such a concept implies the availability of the factor 
to ‘succinic dehydrogenase’ in ‘succinic oxidase 
assemblies’ other than that in which it is situated. 
Thus the antimycin-inhibitable factor is regarded as 
a freely available hydrogen (electron) acceptor. 
However, if the antimycin-inhibitable factor is an 
electron-transport component (as opposed to a 
grouping which is necessary for the linking together 
of adjacent electron-transport components), it is 
clear that it must act not only as a hydrogen 
(electron) acceptor for ‘succinic dehydrogenase’ but 
also as an oxidizable substrate for ‘cytochrome 
oxidase’, and the considerations outlined above may 
alternatively imply the availability of reduced 
factor to ‘cytochrome oxidase’ in ‘succinic oxidase 
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assemblies’ other than that in which it is situated. 
Whichever view is taken, however, the concept is 
the same, namely that the antimycin-inhibitable 
factor is functioning as a freely available substrate 
or coenzyme. 

It is well known that variation of substrate or 
coenzyme concentration usually causes a hyper- 
bolic response of enzyme activity, and this effect is 
explained by the Michaelis-Menten theory in terms 
of the reversible formation of an enzyme-substrate 
or enzyme-coenzyme complex, with ‘saturation’ 
of the active centres of the enzyme at high concen- 
trations of substrate or coenzyme. The hyperbolic 
curve can be put into a linear form by the familiar 
procedures of Lineweaver & Burk (1934). 

If, as seems reasonable in the light of the previous 
discussion, the amount of antimycin A present/mg. 
of heart-muscle preparation represents an indirect 
measure of the amount of inhibited or unavailable 
factor, it follows that the curve shown in Fig. 3a 
describes the enzymic response to increasing quan- 
tities of unbound or available factor in 1 mg. of 
heart-muscle preparation. Although it is evident 
that the curve as a whole is not a hyperbola, a large 
section of it is demonstrably so, and this leads to the 
conclusion that provided that there is sufficient 
antimycin-inhibitable factor remaining unbound 
(about 25%), it acts as if it were freely available, 
confirming the deduction made above from the 
experiments demonstrating a variable k;. However, 
at low concentrations of factor, there is a straight- 
line response of enzyme activity to factor concentra- 
tion, implying no free availability. It would be 
expected that this line, if extrapolated to zero 
antimycin A concentration, would reach 100% 
enzyme activity. Such an extrapolation, shown in 
Fig. 3a, is seen to reach only 50 % enzyme activity. 
The significance of this observation is not clear, but 
serves to underline the probable complexity of the 
interaction between components of the electron- 
transport system in the region of the antimycin- 
inhibitable factor. 

To sum up, an attempt has been made, in this 
part of the discussion, to show that the curious 
feature of the inhibition of succinic oxidase by 
antimycin A, namely the sigmoid curve obtained in 
experiments of the type recommended by Acker- 
mann & Potter (1949), which prompted the experi- 
mental approach described, cannot satisfactorily be 
explained in terms of the relationship of the in- 
hibitor to the factor with which it combines, or to 
the presence of competing substances, but is rather 
to be attributed to the organization and function 
of the electron-transport system itself. Since our 
knowledge of these matters is still far from com- 
plete it has been necessary to conduct the discussion 
in general terms and largely on the basis of analogy. 
An attempi will now be made to relate the concepts 
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put forward above to known properties of the 
electron-transport system. 


Functioning of the electron-transport system in 
Keilin & Hartree (1947) preparations 


The interaction, for the purposes of electron 
transport, between adjacent components in a 
structurally bound system has been a matter for 
speculation. Chance (1952) and Slater (1953) con- 
sidered two possibilities. The first is that the com- 
ponents of the system are bound together fairly 
rigidly into ‘succinic oxidase assemblies’, each 
assembly containing one molecule of each com- 
ponent, in such a way that interaction between 
components in different ‘assemblies’ is excluded. 
The second possibility is that the ‘assemblies’ are 
less rigidly bound, allowing interaction between 
components in different ‘assemblies’ to take place. 
Slater (1953) quotes spectroscopic evidence which 
suggests that the second possibility is the more 
likely. The interpretation offered here, of the varia- 
tion of succinic oxidase activity in a given amount of 
heart-muscle preparation with decreasing concen- 
trations of antimycin A, would be a direct demon- 
stration of the second possibility, i.e. that there is 
some flexibility in the arrangement of the com- 
ponents of the system. At high concentrations of 
antimycin A, however, an approximately linear 
response of enzyme activity to concentration of 
antimycin A is observed, and this linear response 
may, perhaps, be taken as an indication that there 
are limits to the flexibility of the structure when 
only small amounts of the antimycin-inhibitable 
factor are available. 

The term ‘free availability’, which has been used 
to describe the relationship of the antimycin- 
inhibitable factor to an adjacent component of the 
electron-transport system, must now be commented 
on. The term as it stands could mean availability to 
‘assemblies’ of the electron-transport system in the 
same enzyme-bearing particle, or, more widely, to 
all ‘assemblies’ of the electron-transport system 
irrespective of location within particles. The second 
possibility is considered to be unlikely for the 
following reasons: 

(1) Slater (1949d) has shown that interaction does 
not take place between enzyme-bearing particles 
inhibited by arsenical, and enzyme-bearing particles 
inhibited by treatment with BAL in the presence of 
air, although the two types of particles between 
them contained all the components of the succinic 
oxidase system. 

(2) Tissiéres (1954) was unable to demonstrate 
manometrically an interaction between two types 
of deficient particles, prepared from various strains 
of Neurospora crassa, which between them con- 
tained components capable of bringing about the 
oxidation of succinate, for the reaction did not take 
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place at a detectable rate unless added soluble cyto- 
chrome ¢ was present. More sensitive spectroscopic 
methods did, however, reveal some interaction. 

It is concluded that if interaction takes place 
between enzyme-bearing particles the proportion of 
the total electron transport which occurs by this 
route is negligible. The term ‘free availability’, as 
used in this paper, must therefore be taken to 
apply only within an enzyme-bearing particle. 

To return to the response of enzyme activity to 
factor concentration at high concentrations of factor 
(low concentrations of antimycin A), the hyperbolic 
nature of this response is not to be taken as evidence 
of a true Michaelis-Menten relationship between 
adjacent components of the succinic oxidase 
system. Commenting on the variation of cyto- 
chrome oxidase activity with soluble cytochrome c 
concentration, Slater (1949a) pointed out that a 
hyperbolic response is not necessarily indicative of 
such a relationship, and that the hyperbola may 
be interpreted as a shift in the rate-determining 
stage of the overall reaction. In the hyperbolic 
relationship shown here, it can be envisaged that the 
rate-determining stage at low concentrations of 
factor might be a reaction involving the factor itself, 
whereas at high concentrations of factor the rate- 
determining stage may shift to the reaction between 
succinate and ‘succinic dehydrogenase’ or to one of 
the internal reactions of the ‘succinic dehydro- 
genase’. 

It has been repeatedly emphasized (Keilin & 
Hartree, 1949; Slater, 1949c) that full activity of the 
succinic oxidase system depends on the mutual 
accessibility of its components, and Bonner (1954) 
has traced the effect of activators, required for 
preparations in media containing very little in- 
organic phosphate, to the step between cytochrome b 
and the BAL-sensitive factor, or that between the 
BAL-sensitive factor and cytochrome c. The fact 
that activators influence the degree of inhibition of 
partially antimycin-inhibited preparations places 
the antimycin-inhibitable factor in the part of the 
system influenced by activators. It is suggested 
that the flexibility of ‘succinic oxidase assemblies’, 
which is reflected in the free availability of the 
antimycin-inhibitable factor to an adjacent com- 
ponent of the electron-transport system, is the 
property which leads to the susceptibility of the 
system to inactivation at low concentrations of 
inorganic phosphate. Therefore, the fact that 
“succinic oxidase assemblies’ appear to interact at 
this point of the system need not mean that similar 
interactions can take place at other points of the 
system. For the purpose of the results presented in 
this paper it is sufficient to postulate a ‘succinic 
dehydrogenase assembly’ flexibly linked to a 
‘eytochrome oxidase assembly’; each of these 
assemblies may have a rigid structure. Such a 


INHIBITION OF SUCCINIC OXIDASE BY ANTIMYCIN A 


435 


‘succinic dehydrogenase assembly’ may perhaps 
correspond to the succinic dehydrogenase complex 
of Green, Kohout & Mii (1954). The flexibility of 
‘succinic oxidase assemblies’, otherwise to be 
regarded as the ‘accessibility’ of the antimycin- 
inhibitable factor to an adjacent component of the 
system, may be amenable to mathematical expres- 
sion in terms of quantities analogous to Michaelis 
constants, such as may be derived by the methods 
illustrated in Fig. 3. The use of antimycin A in this 
type of experiment might be of value in the investi- 
gation of differences between the various forms in 
which the electron-transport system may be pre- 
pared. 

The indirect experiment reported in Table 9 
suggests that the BAL-sensitive factor and the 
antimycin-inhibitable factor are not identical. 
However, the evidence would not be inconsistent 
with the view that destruction by BAL in the 
presence of air, and combination with antimycin A, 
are properties of different chemical groupings of 
the same substance, and that both groupings are 
essential for its activity. The solution of this 
problem requires studies of a more direct kind. It 
should be borne in mind that the chemical groupings 
responsible for the properties of sensitivity to 
the presence of BAL in air and of combination 
with antimycin A need not be electron-transport 
catalysts, but may be concerned in the linking of 
electron-transport components in such a way that 
they may react together. 

Further discussion of the results presented here 
eannot usefully be undertaken until the com- 
ponents of the electron-transport system have been 
further clarified, and until more is known of the 
possible changes which may be brought about in the 
structure and function of the system during its 
isolation from the tissues. 


SUMMARY 


1. With heart-muscle preparations (Keilin & 
Hartree, 1947), confirmation has been obtained of 
the general features of the inhibition of succinic 
oxidase activity by antimycin A, as described by 
previous workers (Ahmad et al. 1950; Potter & Reif, 
1952; Chance, 1952). 

2. A general method has been described for 
distinguishing between inhibition as a result of 
complete loss of activity of a fraction of the enzyme 
present, leaving the remainder fully active, and 
inhibition as a result of uniform loss of activity of all 
the enzyme present. 

3. With this general method, it has been shown 
that antimycin A, and 2:3-dimercaptopropanol 
(BAL) in the presence of air, bring about a uniform 
loss of activity of all the enzyme present, whereas 
p-aminophenylarsenoxide brings about the complete 
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loss of activity of a fraction of the enzyme present, 





leaving the remainder fully active. 

4. By experiments combining the use of anti- 
mycin A and p-aminophenylarsenoxide it has been 
shown that antimycin A becomes rapidly redistri- 
buted over all the available antimycin-inhibitable 
factor present when antimycin-inhibited and un- 
inhibited samples of heart-muscle preparation are 
mixed together. These experiments underline the 
reversible nature of the combination between 
antimycin A and the factor (Reif & Potter, 1953). 

5. When succinic oxidase activity is plotted 
against decreasing amounts of antimycin A present/ 
mg. of heart-muscle preparation, a complex curve is 
obtained, the major part of which is hyperbolic. It 
is considered probable that the decreasing scale of 
antimycin A is an indirect measure of increasing 
concentrations of antimycin-inhibitable factor, and 
that the factor is relatively freely available, within 
an enzyme-bearing particle, to an adjacent com- 
ponent of the electron-transport system. This inter- 
pretation is in harmony with the fact that anti- 
mycin A brings about the uniform loss of activity of 
all the enzyme present. 

6. In preparations partially inactivated in 
media low in inorganic phosphate, histidine or 
cytochrome c increased the succinic oxidase activity 
of the control and simultaneously decreased the 
degree of inhibition by antimycin A. This effect of 
histidine and of cytochrome c was attributed to 
enhancement of electron transport within the 
enzyme-bearing particles. 

7. A sample of heart-muscle preparation, com- 
pletely inhibited by treatment with BAL in the 
presence of air, still retained its capacity to com- 
bine with antimycin A. 

8. The results have been discussed in relation to 
the possible structure of the electron-transport 
system in Keilin & Hartree (1947) preparations. 


I wish to thank Professor F. M. Strong for a gift of 
antimycin A, and Professor E. C. Slater for a gift of p- 
aminophenylarsenoxide. I am also gratefully indebted to 
Mrs Josephine Quinn for skilled technical assistance. 


Note added in proof. Since this paper was submitted 
for publication, Green, Mii & Kohout (1955) have 
reported that the succinate—cytochrome c reductase 
activity of their succinic dehydrogenase complex, 
while completely antimycin-sensitive, is not affected 
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by treatment with BAL in the presence of air. The 
present work supports this indication that the 
BAL-sensitive and antimycin-sensitive factors are 
not identical. 
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Polyglutamic Acid from Bacillus anthracis Grown in vivo: 
Structure and Aggressin Activity 
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Tomesik & Szongott (1933) obtained a nitrogenous, 
polysaccharide-free, capsular material from Bacillus 
anthracis which was identified by Ivanovics & 
Bruckner (1937a, b) as poly-p-glutamic acid. A 
capsule is formed by virulent strains of B. anthracis 
and appears to be connected with the aggressive 
aspect of virulence, that is, with the ability of the 
pathogen to interfere with the defence mechanisms 
of the host (for discussion, see Smith & Keppie, 
1955). In order to study the connexion of poly- 
glutamic acid with virulence, we have used material 
produced during growth of the pathogen in vivo 
when compounds responsible for virulence are 
necessarily produced. Capsulated organisms were 
separated from a mixture of plasma and exudate of 
guinea pigs dying of anthrax (Smith, Keppie & 
Stanley, 1953). Crude preparations of polyglutamic 
acid were then obtained from both the organisms 
and the body fluids (Smith, Zwartouw & Harris- 
Smith, 1956; Smith & Gallop, 1956). The purifica- 
tion of this polyglutamic acid is described here 
together with observations on its aggressive 
activity and structure. Attempts have been made 
to correlate its biological activity with some physico- 
chemical or structural property. 

The important structural problem posed by 
polyglutamic acid is whether the glutamic acid 
residues are linked by their «-carboxyl groups 
(cf. I) or their y-carboxyl groups (cf. II) or both. 


-NH.CH.CO.NH.CH.CO- 


| | 
[CH], [CH]; 


| 
CO,H CO,H 
(I) 
-NH.CH(CO,H) .[CH,],.CO.NH.CH(CO,H).[CH,],.CO- 
(If) 


No studies of this problem have been made on a 
polymer from B. anthracis grown in vivo, but work 
on samples from cultures in vitro has been reported. 
Hanby & Rydon (1946) produced evidence that in 
polyglutamic acid from B. anthracis there were 
mainly «-peptide links, and this idea received some 
support (Hanby, Waley & Watson, 1948; Hauro- 
witz & Bursa, 1949). More recently, evidence has 
accumulated that the glutamic acid is linked only 


by its y-carboxyl group in preparations from B. 
anthracis and Bacillus subtilis. The nature of the 
products from Curtius and Hoffmann degradations 
of appropriate derivatives indicated this structure 
(Kovacs & Bruckner, 1952; Bruckner, Kovacs & 
Nagy, 1953; Bruckner, Kovacs & Denes, 1953). 
Waley (1955) showed that the infrared spectra of 
natural polyglutamic acids resembled that of a 
y-linked synthetic polymer. He also identified by 
paper chromatography y-glutamylglutamiec acid in 
partial hydrolysates of the natural substances. 


MATERIALS 


Crude capsular polyglutamic acid from Bacillus anthracis 
grown in vivo. This was the fraction precipitated by 1% 
barium acetate and 5% (v/v) ethanol from the dialysed 
intracellular substance of B. anthracis as described by Smith 
et al. (1956). It contained about 75% of polyglutamic acid. 

Crude extracellular polyglutamic acid from the plasma 
exudate of guinea pigs dying of anthrax. This was fraction B 
obtained from plasma exudate by precipitation with 2% 
barium acetate and 5% (v/v) ethanol followed by removal 
of the immunizing aggressin by precipitation with sodium 
chloride (0-5%) and ethanol (15%, v/v) as described by 
Smith & Gallop (1956). It contained about 70% of poly- 
glutamic acid. 

Polyglutamic acids from other sources. These are specified in 
Table 4 and were gifts from Mr L. H. Kent (sample 3), 
Dr C. B. Thorne (sample 4), Dr L. Bichowsky-Slomnitzky 
(sample 5) and Dr 8. G. Waley (sample 6), to whom we owe 
our thanks. 

Polyacrylic acid. A solution of acrylic acid (10%) and 
potassium persulphate (0-02 %) was heated at 60° for 3 hr. 
The viscous solution was dialysed, adjusted to pH 7 and 
freeze-dried. Our thanks are due to Polymer Consultants 
Ltd. for advice on this process. 

Polyaspartic acid. The polymer insoluble in hot water, 
prepared by heating L-aspartic acid at 200° for 48 hr. 
(Frankel & Berger, 1949) was purified by dissolving it in 
dilute sodium hydroxide, adjusting the pH to 7 and pre- 
cipitating the barium salt. After conversion into the sodium 
salt, dialysing the solution and freeze-drying, it had N, 9-8; 
sulphated ash, 44-1%. (C,H,O,NNa), requires N, 10-2; 
sulphated ash, 51-8%. 

Polymannuronic acid. Two samples of this material were 
used: sodium alginate (B.D.H. Ltd.) and Mannucol (Alginate 
Industries Ltd.). 

Anthrax antiserum. The antiserum used for precipitation 
tests with polyglutamic acid was that prepared by Institute 
Sieroterapico Milanese Serafino Belfanti for the Ascoli 
thermoprecipitin test. 








METHODS 


Nitrogen. Determined by a micro-Kjeldahl method 
employing the catalyst recommended by Chibnall, Rees & 
Williams (1943). 

Total amino nitrogen (nitrous acid). This was determined 
by the method of Van Slyke (1912), with a reaction time of 
4-4-5 min. at 20°. 

Total amino nitrogen (colorimetric). The method of Frame, 
Russel & Wilhelmi (1943) was used for the analysis of 
hydrolysates and for the estimation of mol.wt. by an end- 
group assay. 

«-Carboxyl amino nitrogen (ninhydrin). This was deter- 
mined at pH 2-5 by the method of Van Slyke, Dillon, 
MacFadyen & Hamilton (1941). 

Glutamic acid. The paper-chromatographic method of 
Housewright & Thorne (1950) was used. 

Assay for antiphagocytic activity. Keppie, Smith & 
Harris-Smith (1953) showed that the action of aggressins on 
the phagocytosis of B. anthracis (spores incubated in tryptic- 
meat broth for 20 min. at 37°) by the polymorphs of normal 
guinea-pig blood could be measured in two ways. The 
organisms inside the phagocytes of control and experimental 
samples could be counted on stained films, or the organisms 
not phagocytosed could be counted by a viable count; there 
was no significant extracellular bactericidal action. The 
second of these methods was more convenient for routine 
operation and has been used in this work. Serial dilutions of 
the various test materials were examined in the system 
described by Keppie et al. (1953). In the control samples, the 
phagocytic action of the guinea-pig blood reduced the viable 
count to 10-40% of the original count. Addition of 
aggressins increased the survival rate. The activity of a 
sample is expressed as the lowest concentration in the test 
mixture which resulted ina percentage survival 10-15 higher 
than that in the controls. Statistical analysis showed that, in 
90% of the tests, this difference had a significance level of 
95% or more; the significance level was never lower than 
91-5 %. The figures given in the tables below were obtained 
by averaging three to eight similar results. The assay could 
detect twofold differences in activity. 


EXPERIMENTAL AND RESULTS 


Purification of polyglutamic acid from 
Bacillus anthracis grown in vivo 
Barium acetate (2 g.) was added to a solution of 
crude capsular or extracellular polyglutamie acid 
(1 g.) in water (100 ml.) at pH 7 and 20°. After 
standing overnight a precipitated impurity was 
removed from the solution and ethanol added at 0° 
to a concentration of 4% (v/v). After 16 hr. at 0°, 
the sticky precipitate of barium polyglutamate 
(yield about 70 %) was collected by centrifuging. It 
was dissolved in water (70 ml.) and stirred with 


sufficient of the sodium form of Zeocarb 215 


(approx. 2 x 5g. of the moist granules; The Permutit 
(‘o. Ltd.) to remove completely Ba*+. The resulting 
svlution of sodium polyglutamate was shaken with 
3-5 g. of washed fuller’s earth powder (B.D.H. Ltd., 
‘For adsorption purposes’) for 16hr. at 0° to 
remove final traces of protein impurity. After 
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dialysed against 
to pH7-5 with 
of sodium poly- 


centrifuging, the solution was 
glass-distilled water, adjusted 
NaOH, and freeze-dried. Yield 
glutamate, approx. 50%. 


Criteria of purity 

Our colleagues Drs B. R. Record and R. G. Wallis 
have shown that the purified samples of extra- 
cellular and capsular polyglutamic acid were 
homogeneous in electrophoresis and sedimentation 
at pH 8 and 4-4 (see later paper). 

A comparison of hydrolysates (3N-HCl, 100°, 
16 hr.) of the polyglutamic acids with those of small 
amounts of bacterial protein (Smith et al. 1956) and 
plasma protein on paper chromatograms indicated 
that less than 0-2 % of protein impurity was present. 


Analysis and properties 


Freeze-dried sodium polyglutamate was a crisp 
white solid which rapidly deliquesced. In contrast 
to the polyglutamic acid from B. subtilis and the 
synthetic «-linked polyglutamic acid (Waley, 1955), 
acidification of a solution of the sodium salt did not 
precipitate the free acid. The results of analysis and 
biological tests on a number of different samples of 
the capsular and extracellular sodium polyglutam- 
ate were similar; average values are shown in 
Table 1. It is apparent that these polymers of p- 
glutamic acid have aggressive activity but no 
immunizing or toxic properties. 


Structural investigation 


Several methods have been used to investigate 
whether glutamic acid was linked by the «- or y- 
carboxyl group in the polymer. This work was 
mainly carried out with the extracellular poly- 
glutamic acid, and the most significant results were 
confirmed with the capsular material. 

End-group analysis after partial hydrolysis. 
Sodium polyglutamate (0-5% in 0-2N-HCl) was 
heated at 100° and after various time intervals the 
hydrolysate was analysed for glutamic acid, «- 
carboxyl amino nitrogen (ninhydrin), total amino 
nitrogen (colorimetric) and total amino nitrogen 
(nitrous acid). The results obtained are shown in 
Table 2. The apparent incompleteness of the hydro- 
lysis in 0-2N-HCl was probably due to the partial 
conversion of glutamic acid or its peptides into 
pyrrolidone carboxylic acids (cf. Hanby & Rydon, 
1946); a shorter treatment (16 hr.) with stronger 
acid (3N-HCl) produced complete hydrolysis and 
prevented the formation of pyrrolidone carboxylic 
acid. 

A consideration of the results in Table 2 provides 
the following evidence for the presence of y-linkages 
in the polymer. 

(i) Comparison of the glutamic acid nitrogen 
values with the higher amino nitrogen (ninhydrin) 
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values shows that «-carboxyl amino groups were 
present on glutamic acid residues still combined 
in peptides, presumably by their y-carboxyl 
groups. 

(ii) The ninhydrin «-carboxyl amino nitrogen 
values were the same as the amino nitrogen values 
obtained by the colorimetric method. Since the 
latter method detects NH, groups both with and 
without «-carboxyl groups (Frame et al. 1943) no 
NH,.CH(CO.R).CH,.CH,.CO,H groups (i.e. a- 
linkages) were present. In contrast, a sample of 
partially hydrolysed synthetic «-linked poly- 
glutamic acid contained amino nitrogen (nin- 
hydrin) 20 % of total nitrogen, and amino nitrogen 
(colorimetric) 53 % of total nitrogen. 

(iii) The peptide nitrogen of y-linked but not of 
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«-linked glutamyl peptides reacts with nitrous acid 
(Sachs & Brand, 1953, 1954). A consideration of the 
analytical values in Table 2 shows that some of the 
peptide nitrogen in the partial hydrolysates had 
reacted with nitrous acid. Let us consider, for 
example, the sample after hydrolysis for 5 hr. If the 
nitrous acid value (78 %) represented only free NH, 
groups then 22% of the linkages remained intact. 
Hence, at least (i.e. assuming all unhydrolysed 
material is present as dipeptide) 56% (78-22%) of 
the NH, groups should be present as free glutamic 
acid. The measured glutamic acid value (and the 
a-carboxylamino nitrogen value) was much lower 
than this and therefore the nitrous acid amino 
nitrogen value does not represent only free amino 
groups but includes peptide nitrogen. 


Table 1. Properties of sodium poly-p-glutamate obtained from B. anthracis grown in vivo 


Cale. for (C;H,O,N-Na),, 
or reported for other 
polyglutamic acids and 


Capsular Extracellular p-glutamic acid 

Nitrogen % 9-0 9-0 9-3 (cale.) 
Sulphated ash, % 46-2 45-2 47-0 (calc.) 
[x]? in water (C, 4) — 16-9 — 14-5 “= 
[«]p’ in 3n-HCI (C, 4) + 25-2 422-7 +23-5 (a) 
[x]? in 3N-HCI (C, 3) of glutamic acid resulting — 26-9 — 28-5 — 30-0 (b) 

from hydrolysis (100°, 16 hr.) — 24-2 (c) 
Molecular weight 

(1) From sedimentation and diffusion data* 88 000 253 000 — 

(2) From end-group (NH,) analysis 33 000 71 000 14-53 000 (c); 100 000 (d) 
Dilution precipitating with antiserum 1:6-4 x 10° 1:6-4 x 108 1:8 x 105 (e) 
Biological tests} (lowest active conen., %) 

(1) Antiphagocytic 0-8 0-8 — 

(2) Virulence-enhancing 1 2 — 


(3) Anticomplementary 
(4) Tissue-damagingt 
(5) Immunizing 


Inactive at 1 
Inactive at 1 
— Inactive at 2 — 


Inactive at 1 _- 
Inactive at 1 ae 


(a) Ivanovies & Bruckner (19375); (b) Schmidt (1945); (c) Hanby & Rydon (1946); (d) Waley (1955); (e) Ivanovies & 


Bruckner (19372). 


* See later paper. 


+ For details of these tests see Smith & Gallop (1956), Smith, Keppie & Stanley (1955) and Smith e¢ al. (1956). 
t In addition, the materials were non-toxic when injected intravenously (Smith et al. 1955). 


Table 2. Analysis of partial hydrolysates of sodium polyglutamate 


Sodium polyglutamate (0-5%) was heated at 100° in 0-2N-HCl, and at various time intervals the hydrolysate was 
analysed as shown below. Results have been calculated as % of total nitrogen. 


Time of 


«a-Carboxyl 


N liberated 


hydrolysis Glutamic amino N Total amino N by nitrous 
(hr.) acid N (ninhydrin) (colorimetric) acid 
1 1 9-6 9-9 40-4 
2-5 5 22-4 20-8 64-7 
5 13 35:3 36-2 77-9 
9-5 24 52:8 55-8 76-2 
22 59 67° 69-9 81-3 
69 68 70-8 70-7 70-3 











Table 3. 
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Peptides from a partial hydrolysate of polyglutamic acid 


Sodium polyglutamate (0-5%) was partially hydrolysed in 0-2N-HCl (5 hr., 100°), and the products of hydrolysis were 
separated on a column of Dowex 50. Five fractions were eluted with 0-1N-HCl. They were examined on paper chromato- 


grams developed in either (A) butanol-acetic acid—water (2:1:1, v/v) or (B) phenol saturated with water (in the presence of 


NH, and HCN vapours) and compared with a glutamic acid marker. Fraction 1 was a mixture of large peptides and 
fraction 5 was glutamic acid; fractions 2-4 produced only single spots and these fractions were analysed as shown below. 
For comparison, calculated and reported values for various glutamyl peptides are included. 


Fractions from column 


Eluate vol. Yield ; 

No. (ml.) (%) A 

2 146-226 10 0-60 

3 289-410 13 0-71 

a 571-740 15 0-87 

Glutamyl peptides 

Tetra-y- : 
Tri-y- -- 
Di-y- 0-9*+ 
Di-a- 1-1-1-2*f 


* Sachs & Brand (1953, 1954). 


Identification of small peptides after partial 
hydrolysis. Preliminary examination of partial 
hydrolysates of sodium polyglutamate on two- 
dimensional paper chromatograms indicated the 
presence of y- but not «-glutamylglutamic acid. 
Larger quantities of dipeptides and higher peptides 
were isolated by the following method, which was 
based on that of Williams & Thorne (1954). 

Sodium polyglutamate (0-3 g.) was hydrolysed in 
0-2N-HCI (60 ml.) for 5 hr. at 100° and the mixture 
evaporated in vacuo. The residue, in water (2 ml.), 


was applied to a column (1-36 cm. x 45cm.) of 


Dowex 50 (Dow Chemical Co. Inc., U.S.A.) in the 
hydrogen cycle. Elution was with 0-1N-HCl, and 
five well-separated fractions were detected in the 
eluate by the ninhydrin-colour reaction. Paper 
chromatography revealed that fraction 1 was a 
mixture of higher peptides and fraction 5 was 
glutamic acid. Fractions 2-4 produced single spots 
on paper chromatograms and they were analysed for 
total nitrogen, «-carboxyl amino nitrogen, and 
amino nitrogen (nitrous acid). The analytical and 
chromatographic results on these fractions are 
shown in Table 3 and are compared with reported 
and calculated values for various glutamyl pep- 
tides. Fractions 2-4 correspond with the tetra-, tri- 
and di-y-linked glutamyl peptides. Fraction 4 had 
[a]z (C, 3) =0(+3)°; this agrees with the values for 
y- but not «-glutamyl dipeptides (Sachs & Brand, 
1953, 1954; Williams & Thorne, 1954). 


Attempts to correlate antiphagocytic activity with 
some physicochemical property of polyglutamic acid 


Non-reversal of the activity by Ca?+. Calcium ions 
appear to be concerned in phagocytosis (Lambin & 
Desvignes, 1953), which suggests the possibility 


R (glutamic acid) 
pee tide 


N analysis 


a-Carboxyl amino N N liberated by HNO, 


B Total N Total N 
0-09 0-24 0-85 
0-22 0-31 0-89 
0-43 0-48 1-0 

0-25 (cale.) eas 

—- 0-33 (cale.) 0-9* 
0-457 0-5* 1-0* 
0-45t Nil* 0-52* 


+ Williams & Thorne (1954). 


that the antiphagocytic action of polyglutamic acid 
may be due to its binding Ca?+. This has been ex- 
cluded by the observation that the addition of Ca?+ 
equivalent to the free carboxyl groups of poly- 
glutamic acid does not diminish its antiphagocytic 
activity. 

Similar activity of different polyglutamic acids. 
Table 4 shows that polyglutamic acids from widely 
different sources have similar antiphagocytic 
activity. Hence this activity does not depend on 
whether the polyglutamic acid has been produced 
as a capsule or extracellularly, by avirulent or 
virulent organisms, growing in vivo or in vitro. 
Neither does it depend on the presence of D- or L- 
glutamic acid residues nor on «- or y-peptide 
linkages. 

Independence of activity and viscosity. The results 
in Table 4 show that the viscosity of equally active 
solutions varies widely, and that some inactive 
solutions are more viscous than other active 
solutions. 

Antiphagocytic activity of other polyacids. Table 5 
shows that various organic polyacids have anti- 
phagocytic activity. Unpolymerized glutamic acid 
is inactive at 0-8 %. 


DISCUSSION 


Poly-p-glutamic acid has been obtained from the 
capsule of B. anthracis grown in infected guinea 
pigs and from the body fluids of these animals. The 
method of purification, via the barium salt followed 
fuller’s earth powder, has 


by treatment with 


provided material which showed no evidence of 


heterogeneity when examined by physical and 


chemical methods. 
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B. anthracis (N.P.) virulent 


44] 
Table 5. Antiphagocytic activity of polyacids 


Various polyacids were examined for their ability to 


a interfere with the phagocytosis of B. anthracis in a standard 
vas ls test (see Methods). 
Antiphagocytic 
activity of soln. 
(lowest active 
ia Nature of polyacid conen. %) 
= 7 Polyglutamic 0-8 
= Polyaspartic 0-3 
Polymannuronic (sodium alginate) 0-2 
Polymannuronic (Mannucol) 0-2 
a 32s Polyacrylic 0-2 
x + me 


End-group analysis and identification of peptides 
in partial hydrolysates of both the samples of 
polyglutamic acid showed that at least the majority 
of the glutamy] residues were linked by their y- 
carboxyl groups, and produced no evidence of 
linkage by the «a-carboxyl groups. Similar con- 
clusions have been reached for polyglutamic acids 
from other sources by previous workers who used 
different methods (see above). Professors V. 
Bruckner and J. Kovacs (private communication) 
have examined our material by their methods and 
have obtained the same result. 

The only difference observed between the cap- 
sular and extracellular polyglutamic acid was the 
higher molecular weight of the latter. The lower 





Dp and L 
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= 





, in the antiphagocytic-test system (1 ml.). 
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27S 
os = i = g 
". OB > ae values for the molecular weights obtained by the 
Pa $ eo = ‘end-group assay’ method (see Table 1) might 
‘s 5 = 22 indicate a structure involving more than one 
=et = » terminal amino group. On the other hand, they 
= may have been due to hydrolysis during the assay 
H > 3 procedure or to the influence of molecular associa- 
5 af of tion on the physical determination of molecular 
e 3 = © weight. 
2 — & @ > The purified polyglutamic acids were aggressins, 
&£g Be i.e. compounds which interfere with defence 
7 Zs mechanisms of the host, since they inhibited 
2 oo phagocytosis of organisms in vitro and had pro- 
ae @ $§ perties which enhanced virulence in vivo. They 
q é 3 es 2 would not actively immunize animals against 
Ss, ee Ss anthrax. In contrast to the ‘inflammatory factor’ 
33 of Watson et al. (1947) which contained poly- 
= 2.3 glutamic acid, our preparations had no tissue- 
3 = damaging properties when injected intradermally 
+. o into guinea pigs. A high concentration of poly- 
a glutamic acid was necessary to inhibit phagocytosis 
= | of organisms in vitro. Such a concentration of the 
ca) capsular polyglutamic acid surrounds B. anthracis 
2, ae | when growing tn vivo and almost certainly plays a 
= = = : part in the resistance of the organism to phago- 
3 3 cytosis. The extracellular polyglutamie acid, which 
af 3 e is present in the body fluids at a relatively low con- 
centration, may play a different role in the aggressive 
action of the organism. Watson et al. (1947) showed 
Se DS that the ‘inflammatory factor’ and polyglutamic 


acid from B. subtilis inhibited the action of 
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anthracidal substance from rabbit leucocytes. In 
preliminary experiments, our colleague Dr J. Keppie 
has shown that the two polyglutamic acids described 
here inhibit the anthracidal action of either horse 
serum or extracts of guinea-pig leucocytes at con- 
centrations of less than 0-1 %. 

The antiphagocytic action of polyglutamic acid 
does not appear to be due to any part of the fine 
structure of the molecule, since different polymers 
from various sources had similar activity. In 
searching for some less specific property which 
might be responsible for its activity, we have 
excluded any effect of viscosity or binding of 
calcium ions. The activity appears to be associated 
with the multivalent negative charge of the poly- 
glutamate ion. This is indicated by the antiphago- 
cytic activity of other polyacids. It is relevant to 
point out here that other capsular materials from 
pathogenic bacteria play a role in their aggressive 
action and have a polyacidic nature, e.g. hyaluronic 
acid from streptococci and certain pneumococcal 
polysaccharides (Wilson & Miles, 1946). 





SUMMARY 


1. Polyglutamie acid showing no evidence for 
heterogeneity has been obtained from the capsule of 
Bacillus anthracis grown in infected guinea pigs and 
from the body fluids of the host. The isolation in- 
volved only mild treatment. 

2. Studies on partial hydrolysates have shown 
that the glutamic acid residues in these materials 
were linked by their y-carboxyl groups. 

3. The polyglutamic acids are associated with 
the aggressive action of B. anthracis in vivo. 

4. Their antiphagocytic activity appears to be 
due to the multivalent negative ion. 

We are grateful to Dr J. Keppie and Mrs P. W. Harris- 
Smith for carrying out aggressin tests, and te Messrs R. E. 
Strange and A. G. Ness for some chemical analysis. The 
work described in this paper formed part of a Ph.D. thesis 
submitted to the University of London by one of us 
(H.T.Z.). 
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Physicochemical Examination of Polyglutamic Acid 
from Bacillus anthracis Grown in vivo 


By B. R. RECORD anp R. G. WALLIS 
Microbiological Research Department, Porton, Wiltshire 


(Received 29 October 1955) 


The two specimens of polyglutamic acid investi- 
gated were isolated by our colleagues H. T. 
Zwartouw and H. Smith from guinea pigs infected 
with Bacillus anthracis, as described in a previous 
paper (Zwartouw & Smith, 1956). These specimens 
were: (a) extracellular material obtained from the 
plasma exudate of the infected animals; (b) capsular 
material from the organisms separated from the 
blood of the animals. 

Both specimens were obtained as sodium salts, 
containing about 14:8% of sodium, and were 
dialysed salt-free and freeze-dried. They have been 
examined in the electrophoresis apparatus and the 
ultracentrifuge for homogeneity, and sedimentation 
and diffusion coefficients have been determined over 
a range of concentration to estimate their molecular 
weights. The special difficulties arising from the 
highly ionic nature of polyglutamic acid, a typical 
polyelectrolyte, are briefly discussed. 


METHODS 


Electrophoresis. The experiments were carried out at 0° in 
the 10 ml. U-tube of the Tiselius electrophoresis apparatus, 
with the diagonal-edge schlieren optical system for obser- 
vation. Solutions were made up to about 1% from the 
freeze-dried sample and were dialysed for 2 days against the 
buffer used. 

Ultracentrifuge. Observations were made in the Spinco 
electrically driven ultracentrifuge with the diagonal-bar 
schlieren optical system. Apart from those examined by 
electrophoresis, solutions were made up directly in the 
buffer by weighing the freeze-dried sample with suitable 
precautions against absorption of atmospheric moisture. 
The synthetic boundary cell of Pickels, Harrington & 


Fig. 1. 


= 
Anode limb 


The arrows indicate the direction of migration towards the anode. 


Schachman (1952) proved a decided advantage in making 
measurements at low concentrations and in strong salt 
solutions. The rotor speed was 59780 rev./min. in all 
experiments. 

Diffusion. The measurements were carried out in a Gouy 
interferometric diffusion apparatus similar to that of 
Gosting, Hanson, Kegeles & Morris (1949) in design 
and with a cell based largely on that of Ogston (1949), 
of Coulson, Cox, Ogston & Philpot (1948) and of Creeth 
(1952). The cell was immersed in a well-stirred thermostat 
at 25+0-01°. Special attention was paid to thorough 
dialysis of the solutions by continuous slow rotation 
of the cellophan bags (2 days at 3°) and to prevent- 
ing evaporation losses at all stages. These precautions 
become especially important with strong salt solutions as in 
the present work. 


RESULTS 
Extracellular polyglutamic acid 


Electrophoresis. Fig. 1 shows the pattern ob- 
tained for an approx. 1% solution in pH 8 phos- 
phate (J 0-1, 0-0022M-KH,PO,, 0-0326M-Na,HPO,)— 
NaCl (J 0-1) buffer in the long-limb tube after 
prolonged electrophoresis. A single component 
only is observed. The sharp-ascending and diffuse- 
descending boundaries, as also the pronounced 
almost stationary 6 and « boundaries in these 
relative concentrations of material and buffer, are 
indicative of the highly ionic nature of the material. 
The asymmetry of the cathode boundary, due 
possibly to polydispersity of the material, makes 
precise measurement of mobility difficult. The value 
calculated from the rate of movement to the anode 
of the centroid of the cathode boundary is 1-50 x 10-4 
em.?/see./Vv. 


—_——— 
Cathode limb 


Electrophoresis patterns of extracellular sodium polyglutamate in pH 8 phosphate (J 0-1)—NaCl (J 0-1) buffer. 


Exposure after 6 hr. 7 min.; current, 9-0 ma. 









Fig. 2. 
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2. Sedimentation pattern of extracellular sodium polyglutamate in pH 8 phosphate (J 0-1)—-KCl (J 1-0) buffer. 
Concentration 0-098 g./100 ml. Speed, 59780 rev./min. Interval between exposures, 8 min. First exposure taken 


1 min. after reaching full speed, with the synthetic-boundary cell. 


A similar picture was obtained with acetate 
(J 0-1, 0-15M acetic acid, 0-1mM sodium acetate)— 
NaCl (J 0-1) buffer, pH 4-4, but the 6 and ¢ buffer 


gradients were less prominent and the mobility of 


the cathode boundary, though still anodic, was 
somewhat reduced. 

Sedimentation. When the 
centrifuge, both the solutions used for the electro- 
phoretic analysis showed a single, very sharp, 
sedimenting boundary at both pH values. The single 
boundary, in sedimentation as well as electro- 
phoresis, is in harmony with our concept of the 
material as having, if not an entirely monodisperse 
character, then a distribution of molecular weights 


examined in ultra- 


about a single mean. 

In the quantitative study of the sedimentation 
for the purpose of assessing the molecular weight, 
a stronger salt solution was considered desirable to 
suppress primary charge effects. This, together with 
the further requirement of avoiding secondary 
charge effects, led to the choice of M-KCl. Phos- 
phate buffer (pH 8, J 0-1, as described above) was 
incorporated to stabilize the pH (measured pH 7-5). 
A buffer of this concentration develops an appreci- 
able refraction gradient in the ultracentrifuge cell 
and these studies have been facilitated by the use 
of the synthetic-boundary cell, by which means the 
boundary is formed near the cell centre during the 
running up to speed. The procedure has the added 
advantage that the boundary movement can be 
measured from the moment full speed is attained. 

The diagonal-bar schlieren pattern shown in 
Fig. 2 is typical. Boundary sharpening occurs to 
a marked degree, permitting satisfactory measure- 
ments of the sedimentation coefficient to be made 
down to very low concentrations, e.g. 0-02%. In 
accord with this boundary sharpening, the sedi- 
mentation rate is found to increase considerably 
with falling concentration. This dependence on 
concentration, combined with the dilution in the 
cell during sedimentation leads, during a long run, 
to an increase in S during the run which, if the 


0°35 
° 0:30 
° ¢ 
Ps 
S025 
0:20 
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Conen., g./100 mi. 
Fig. 3. Sedimentation coefficients of extracellular sodium 


polyglutamate in M-KCl—phosphate buffer. 


boundary shift is large, necessitates the use of the 
(x/xy)? correction for dilution during sedimentation. 
Fig. 3 shows the reciprocals of the sedimentation 
coefficients, uncorrected for the viscosity and 
buoyancy of the buffer, at 20° plotted against 
concentration. All the points lie, within experi- 
mental error, on a straight line which extrapolates 
to zero concentration to give Sy)= 5-26 x 10-®, 

Diffusion. Preliminary diffusion studies in the 
Tiselius apparatus with 0-5 % solutions showed, as 
expected from the behaviour in the ultracentrifuge, 
skew concentration distributions due to the marked 
variation in the rate of diffusion with concentration. 
The precise measurements required for a satis- 
factory extrapolation to zero concentration were 
made with the Gouy apparatus. 

Diffusion coefficients were calculated from the formulae 
of Kegeles & Gosting (1947): 
(jm Ab)? 
4nC}t 


(Jim Ab)?(e-5)? 
4 Y}t 
where j,, is given by j,,=a(n,—n,)/A, and where a is the 
width of the liquid column in the direction of the light 


D . (1) 
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beam; 6 is the optical distance from the centre of the diffu- 
sion cell to the photographic plate; A is the wavelength of 
light in vacuo used for observation; ¢ is the time in seconds 
between the formation of the infinitely sharp boundary and 
the time of observation; 5. is the distance of the outermost 
minimum from the normal slit image position; n, and n, are 
the refractive indices of the solution and solvent referred to 
vacuum. : 

The quantity, e~*; was obtainet from tables of e-*; 
against a function f(z;), where 


a a 2 2 
f(z) = eF* dB - — z; ej 
N7J0 va 


and was derived from calculations of the interference condi- 
tions by use of the Airy integral (see Gosting & Morris, 
1949). z; represents the optical ‘reduced height’ in the cell 
corresponding to a given maximum or minimum at the 
plate. The quantity C,, defined by Y;=C; e-%j, represents 
the maximum downwards displacement of light at the 
photographic plate if the light followed geometrical optics; 
for an indeal diffusion C, should be constant for each fringe 
of a pattern at a given time. 


In equation (1) it was found that values calcu- 
lated from the first part of the relation (C, method) 
were about 1% lower than those calculated from 
the second (Y;, method). 

Besides the evaluation of j,, from a summation of 
the integral number of fringes plus the fractional 
part (derived from the displacement of Rayleigh 
fringes whilst the boundary was _ sharpening), 
approximate values of j,, were derived from the 
Gouy patterns at different stages of each diffusion 
experiment. Denoting these latter values as j,,, it 
was invariably found that a decrease in j,, took 
place as diffusion proceeded, though under com- 
parable conditions, in experiments with bovine- 
plasma albumin, j,, was constant and in good 
agreement with j,,. The rate of fall of 7/, was 
greatest at the beginning of diffusion; therefore, for 
each experiment a single value of j/, was used for 
insertion in the equations, which was the value 
corresponding to the time (towards the end of the 
diffusion experiment) when the rate of change of 7,, 
with time was at a minimum. Fig. 4 shows plots of 
C; against Z}, where Cj=Y,/e~% (see Akely & 
Gosting, 1953) for a selection of exposures taken 
after different periods of diffusion at one concen- 
tration. The relationship is very closely linear. If, 
however, the value j,, had been used in place of j,, 
the deviations from linearity would have taken 
place at lower values of Zi. No further attempts 
have been made to analyse the deviations of C/ from 
its value at Z}=0. 

The variation of the diffusion coefficient, Do ,,, 
with concentration of solute is shown in Fig. 5 
(lower line). The results were calculated by using the 
first part of equation (1) and are plotted against j,, 
as a measure of solute concentration. 
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t'=9480 sec. 


t'=18600 sec. 
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Fig. 4. Extracellular sodium polyglutamate. 
(see text). 


Diffusion 






Intracellular 






Extracellular 


1:0 
0 10 my. x 40 50 
Im 
Diffusion coefficients of sodium polyglutamate in 

m-KCl-phosphate buffer. 


Fig. 5. 


The straight-line extrapolation has been derived 
by the method of least squares. Assuming such a 
linear relation to be valid, the value of Dy» ,, at zero 
concentration is 1-02 10-7 or 1-01 x 10-7 if un- 
corrected for the viscosity of the buffer. We have 
reason to suppose from light-scattering measure- 
ments on a sample of polyglutamic acid prepared 
from B. anthracis grown in vitro that the second 
virial coefficient I, is of such magnitude at J 1-1 
that a linear extrapolation of diffusion coefficients to 
zero concentration leads to very little error in the 
Doo, » (¢ > 9) value (see, for example, Mandelkern & 
Flory, 1951). 

Molecular weight. In the absence of precise in- 
formation on the extent and nature of any solvation, 
we have used the simple Svedberg equation for 
calculating the molecular weight : 


_ RTS 
~ D(1—Vp)’ 
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substituting the limiting value for S (uncorrected 
for the buoyancy and viscosity of the buffer) and D 
(uncorrected for viscosity) and the pyknometric 
(anhydrous) value for V, p being the density of the 
buffer. On theoretical grounds the sedimenting 
species may be either the polyglutamate ion or the 
salt, depending on the degree of ion-pair formation. 
In the case of neutralized polymethacrylic acid, 
Huizenga, Grieger & Wall (1950) have shown ion- 
pair formation to the extent of 60% even in the 
absence of added electrolyte. We assume therefore 
that in the present case ion-pair formation ap- 
proaches 100%, and that since the sedimentation 
and diffusion coefficients have been determined in 
M-KCl buffer and extrapolated to zero concentration 
we are dealing effectively with measurements on the 
potassium rather than the sodium salt of poly- 
glutamic acid. The partial specific volume of the 
sodium salt was determined pyknometrically in the 
mM-NaCi-phosphate (J 0-1) buffer as 0-510 for a 1-5% 
solution and 0-504 for a 0-78 % solution. The transfer 
from Na to K at molar concentration is accom- 
panied by an increase in molar volume of about 10-3 
[see Harned & Owen (1950), p. 253]. With a mean 
value of 0-507 for the partial specific volume of the 
sodium salt this leads to 0-518 for the potassium 
salt in M-KCl. The buffered KCl used in this work 
had a measured density of 1-048 at 20°. From these 
data a figure of 278000 is obtained for the molecular 
weight of the potassium salt, corresponding to a 
value of 216000 for the free acid, and this figure 
should represent the true anhydrous molecular 
weight in the absence of solvation, or in the presence 
of solvation provided that it is not selective. The 
results for the potassium salt lead to the high value 
of 5-4 for the frictional ratio f/f,. 


Capsular polyglutamic acid 


Electrophoresis. The sample was examined at 
pH 8-0 and pH 4-4 under conditions similar to 
those already described for the extracellular 
material, and practically identical behaviour was 
observed, namely, a single migrating component 
with a high anodic mobility at both pH values and 
pronounced buffer boundaries. 

Sedimentation. Inthe ultracentrifuge, the material 
behaved in a similar manner to the extracellular 
sample, but showed a less pronounced variation in 
sedimentation rate with change of concentration. 
At comparable concentration the sedimentation 
rate was appreciably slower and the boundary 
remained less sharp and it was not possible on this 
account to carry the measurements down to such 


low concentrations. The 1/S—c plots again lie 


closely on a straight line (Fig. 6), which extrapolates 
to Syo(c > 0) = 3-45 x 10-8 in the M-KCl—phosphate 
(I 0-1 as above) buffer used. 
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Fig. 6. Sedimentation coefficients of intracellular sodium 
polyglutamate in M-KCl—phosphate buffer. 


t'=13 500 sec. 


t'=19 455 sec. 





Intracellular sodium polyglutamate. Diffusion 


(see text). 


Fig. 7. 


Diffusion. The rate of diffusion, at comparable 
concentrations, was appreciably higher than that of 
the extracellular material (see Fig. 5, upper line). 
A similar C/ against Zi behaviour was observed 
(Fig. 7). The extrapolated value at infinite dilution 
of Dy, .» again assuming a linear variation with j,,, 
was 1-91 x 10-7 or 1-89 x 10-7 uncorrected for the 
viscosity of the M-KCl—phosphate buffer. 

Molecular weight. With the same value, 0-518, for 
the partiai specific volume of the potassium salt, 
the molecular weight of the potassium salt is 
96000, equivalent to a value of 75000 for the free 
acid. The frictional ratio, f/f, of the potassium salt is 
4-1. 

DISCUSSION 


As already stated, the molecular weights calculated 
for the two specimens are valid provided only that 
any solvation, if present, is not selective. As 
Schachman & Lauffer (1950) and others have 
pointed out, sedimentation errors resulting from 
selective solvation can be greatly reduced by 
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carrying out measurements in dilute buffers, e.g. 
0-1m. In the present work, sedimentation measure- 
ments have been made down to such low concen- 
trations that, even in 0-1M salt, the error due to the 
primary charge effect would probably have been 
small. Diffusion measurements could not, however, 
be made at such low concentrations, and the linear 
extrapolation would be in some doubt (see, for 
example, Mandelkern & Flory, 1951). 

The pronounced artificial-boundary sharpening 
observed in sedimentation and the marked de- 
pendence of S upon ¢ are consistent with a particle 
having a large effective volume, and this is reflected 
in the high values for the frictional ratio. It appears 
likely from viscosity studies (to be reported else- 
where) that these high values of the frictional ratio 
are not associated with any marked asymmetry of 
shape. 

The boundary-sharpening effect precludes any 
assessment of the degree of polydispersity of the 
specimens from the sedimentation and diffusion 
data. 


SUMMARY 


1. Electrophoresis, sedimentation and diffusion 
studies have been made on two samples of poly- 
glutamic acid prepared from Bacillus anthracis 
grown in vivo and isolated from (a) the extracellular 
material in the blood of the animal and (b) from the 
intracellular material of the organisms. 

2. Both specimens are shown to give only single 
boundaries in electrophoresis and sedimentation 
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and have molecular weights of (a) 216000 and 
(6) 75000, expressed in terms of the free acid. 

3. The specimens are typical polyelectrolytes 
with particles of large effective volume exhibiting 
large frictional ratios. 


The authors wish to acknowledge the technical assistance 
of Mr J. A. Stirrup and Mr K. H. Grinstead. 
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The Polysaccharide from Bacillus anthracis Grown in vivo 


By H. SMITH ann H. T. ZWARTOUW 
Microbiological Research Department, Porton, Wiltshire 


(Received 29 October 1955) 


Bacillus anthracis contains polysaccharide material 
some of which appears to be part of the cell wall 
(Tomesik, 1951; Chu, 1953). Ivanovies (1940qa) first 
isolated a polysaccharide from B. anthracis which 
contained galactose 34%, glucosamine 34%, 
N 4:2% and «-carboxyl amino N 0:8%. Cave- 
Browne-Cave, Fry, El Khadem & Rydon (1954) 
obtained a polysaccharide preparation from B. 
anthracis which contained galactose 62%, glucos- 
amine 32% and N 3:3%; they suggested that 


glucosamine residues may have been lost during 
their repeated treatment of this material with 
baryta. These authors also reported the isolation of 
a phosphorylated mannan from culture filtrates 
and from unwashed B. anthracis; this mannan could 


not be isolated from washed organisms. During the 
purification of a protective antigen from filtrates of 
cultures of B. anthracis, Strange & Belton (1954) 
obtained an inactive polysaccharide fraction which 
contained galactose 39-43%, glucosamine 34%, 
N 3-9 % and «-carboxyl amino N 1-26 %. 

The differences between the total nitrogen and 
glucosamine nitrogen values, together with the 
figures for «-carboxyl amino nitrogen in these 
glucosamine-containing polysaccharides, indicated 
the presence of 5-10% of amino acid residues. 
Since the various preparations were not subjected to 
rigorous investigations of their purity, it was still 
undecided whether the amino acid residues were 
attached to the polysaccharide or were an impurity. 
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All the preparations described above were ob- 
tained from cultures of B. anthracis grown in vitro. 
This paper describes the isolation of a polysac- 
charide containing glucosamine from B. anthracis 
grown in vivo. A thorough investigation of the 
purity of this product has been made to establish 
the status of the amino acid residues. A summary of 
this work has been reported (Smith & Zwartouw, 
1954). 





MATERIALS AND METHODS 


Crude polysaccharide from B. anthracis grown in vivo. This 
was the material which remained in solution when barium 
acetate (1%) and ethanol (33%, v/v) was added to a 
dialysed solution of the ammonium carbonate extract of 
B. anthracis isolated from infected guinea pigs (ef. Smith, 
Zwartouw & Harris-Smith, 1956). It contained N, 7-6; 
galactose, 30-0; glucosamine 29-0 %. 

Anthrax antiserum. This is described by Zwartouw & 
Smith (1956). 

Anaiytical methods. Total nitrogen and a-carboxyl amino 
nitrogen were determined as described by Zwartouw & 
Smith (1956). Galactose was determined by the method of 
Kabat & Mayer (1948) and by that of Trevelyan & Harrison 
(1952). Glucosamine was estimated by (a) the method of 
Elson & Morgan (1933) with the Na,CO,-NaHCO, buffer of 
Immers & Vasseur (1950), and (b) by the method of Tracey 
(1952), which was modified to eliminate from the hydro- 
lysate of the polysaccharide the volatile products, which 
produced a turbidity with Nessler’s reagent and hence inter- 
fered with the final estimation of ammonia; the ammoniacal 
distillate (9 ml.) was collected in 0-1N-HCI (1 ml.) and the 
mixture evaporated to 3ml.; the cooled residue was 
diluted to 10 ml. for nesslerization; glucosamine standards 
were treated similarly. N-Acetylglucosamine was estimated 
by the method of Morgan & Elson (1934), acetyl by the 
method of Kuhn & Roth (1933), and reducing sugar by the 
method of Hagedorn & Jensen (1923). Ammonia in the 
presence of glucosamine was determined by a method based 
on that of Tracey (1952). Acid hydrolysates of the poly- 
saccharide were neutralized with K,CO, and mixed with an 
equal volume of saturated K,CO, solution in a Conway unit. 
The ammonia was collected in 0-1N-H,SO, and determined 
by nesslerization. These alkaline conditions did not liberate 
ammonia from glucosamine. Sugars and amino acids were 
identified by the paper chromatographic methods of 
Partridge (1948, 1949) and Consden, Gordon & Martin 
(1944). 


Table 1. 
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IXPERIMENTAL AND RESULTS 
Purification of the polysaccharide 


An aqueous solution of crude polysaccharide (1%) 
and sodium acetate (1%) at pH 7 was cooled to 0° 
and ethanol added to 50% (v/v). After standing 
overnight, the precipitated impurity was removed 
by centrifuging and the ethanol concentration of 
the supernatant raised to 70 % (v/v). After standing 
overnight, the precipitate of polysaccharide (yield 
approx. 60%) was collected and dissolved in 
0-01 N-HCl at 0° to produce a 1 % solution (pH 2:5). 
A quantity of fuller’s earth powder (B.D.H. Ltd., 
‘For adsorption purposes’), equal to the weight 
of partially purified polysaccharide, was washed 
several times with 0-01N-HCl and added to the 
solution. The mixture was shaken for 30 min. at 0° 
and then the clear solution obtained after centri- 
fuging was adjusted to pH 7, dialysed and freeze- 
dried (yield 45%). 


Criteria of purity 


Ultracentrifuging and electrophoresis. The poly- 
saccharide was examined in the Tiselius electro- 
phoresis apparatus and in the Spinco ultracentri- 
fuge at pH 4-5 and 7-8 (see addendum by Dr B. R. 
Record and Dr R. G. Wallis). No evidence for 
heterogeneity was detected. 

The polysaccharide was also examined by electro- 
phoresis on paper at pH 8-6 by the technique of 
Flynn & De Mayo (1951). The strips of paper were 
treated with Naphthalene Black 12 B (I.C.I.), which 
stains protein, and a single band was detected. 
Similar paper strips were cut into portions and 
aqueous eluates of these were tested for carbo- 
hydrate by the anthrone method. Only the portion 
corresponding to that stained by the protein reagent 
contained carbohydrate. Although the poly- 
saccharide migrated towards the anode in the 
Tiselius apparatus (see Addendum), the endo- 
osmotic flow of the buffer on the filter paper resulted 
in a small net displacement of the single band 
towards the cathode. 


Analysis of fractions obtained from the polysaccharide in a partial-solubility test 


with aqueous ethanol (53%, v/v, ethanol) 


Galactose was determined by the method of Trevelyan & Harrison (1952). Glucosamine was determined by the method 
of Elson & Morgan (1933) after hydrolysis with 3N-HCl at 100° for 16 hr. 


Weight Galactose Glucosamine Nitrogen 
Fraction (mg.) (%) (%) (%) 
Original 90 43 37 4-0 
] 5:8 45 38 4-1 
2 28-7 4: 36 4-0 
3 30-7 40 36 4-0 
4 15-8 43 36 4-0 
Residue 3:8 43 37 3-9 
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Partial solubility. The modification by Aminoff, 
Morgan & Watkins (1950) of the classical equilibrium 
method of solubility test was used. 

Polysaccharide (90 mg.) was shaken for 5 hr. at 
0° with successive portions (0-5 ml.) of aqueous 
ethanol (53 %, v/v ethanol). After each extraction, 
the mixture was left at 0° for 16 hr., centrifuged and 
the supernatant removed. It was then evaporated 
and the residue analysed. Table 1 shows the con- 
stancy of the analysis of the fractions obtained. The 
low yield in fraction 1 was probably due to hydra- 
tion of the polysaccharide (the undissolved material 
separated as an oil on centrifuging). This would 
reduce the water content of the solvent, which was 
known to have a pronounced effect on the solubility 
of the polysaccharide. 

Repeated adsorption with fuller’s earth. Pre- 
liminary experiments on the method of purification 
of the polysaccharide had shown that the fuller’s 
earth removed protein preferentially from the 
impure polysaccharide in slightly acid solution. 
Attempts were made to remove further protein by 
repeated adsorption. 

A solution of polysaccharide (40 mg.) in 0-01N- 
HCl (2 ml.) was shaken at 0° for 30min. with 
successive quantities of 40, 18 and 7 mg. of fuller’s 
earth powder. After each treatment, the fuller’s 
earth was removed by centrifuging and a portion of 
the solution reserved for analysis. The results of this 
analysis (Table 2) on small amounts of material 
show that although adsorption of the polysac- 
charide occurred, there was no preferential ad- 
sorption of material with high nitrogen content. 

Recovery of the polysaccharide from its benzoyl 
derivative. Polysaccharide (70 mg.) in water (1 ml.) 
was shaken vigorously with successive small 
quantities of benzoyl chloride; the mixture was 
maintained at pH 7 by adding NaOH throughout 
the reaction. The insoluble derivative was collected 
and suspended in acetone containing 10% (v/v) 
of water (3 ml.). A small insoluble residue was dis- 
carded and ether (20 ml.) added to the solution. The 
precipitated benzoyl derivative was _ collected, 
washed with ether and dried; yield 16 mg.; [«]?? in 
80% (v/v) acetone (C, 0-5) +61°. 

The derivative was hydrolysed as follows. It was 
dissolved in 80% (v/v) acetone (3 ml.), and 2N- 
NaOH (3 ml.) was added. The mixture was main- 
tained at 37° for 21 hr., at which time a test sample 
was completely soluble in water. The polysaccharide 
which separated from the aqueous acetone as an oil 
was collected and dissolved in water (0-5 ml.). The 
solution was clarified and the polysaccharide pre- 
cipitated with ethanol (2-5 ml.). The product was 
dissolved, reprecipitated in the same way, washed 
with ethanol and dried; yield 7 mg. It contained 
galactose (Trevelyan & Harrison, 1952) 41; glucos- 
amine (Elson & Morgan, 1933) 37 %. The amino acid 
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Table 2. Analysis of the polysaccharide after 
repeated adsorption with fuller’s earth powder 


Galactose (Trevelyan & Harrison, 1952) and nitrogen 
analyses were made on a solution (2%, w/v) of the poly- 
saccharide (in 0-01N-HCl) after each of three adsorptions 
with fuller’s earth powder. 


No. of Galactose Nitrogen Galactose 
adsorptions (mg./ml.) (mg./ml.) nitrogen 
0 8-6 0-79 10-9 
1 4-9 0-49 10-0 
2 3-3 0-32 10-3 
3 2-4 0-23 10-4 


Table 3. Analysis of the polysaccharide from 
B. anthracis 


Analysis Result 
Paper chromatography* Galactose and 
glucosamine 
Galactose (Trevelyan & Harrison, 1952) 43% 
(Kabat & Mayer, 1948) 38% 
Glucosamine} (Elson & Morgan, 1933) 38% 
(Tracey, 1952) 44% 
Nitrogen 40% 
a-Carboxylamino N 03% 
Ash 0-7% 
CH,CO-{ 14-5% 
Molecular weight§ 27 200 
[«]?? in water (c, 3) +79° 


* After hydrolysis with 0-5N- and 3N-HCI (100° for 
3 hr.). 

+ After hydrolysis with 3N-HCl at 100° for 16 hr.; see 
later for corrected figures. 

t The only fatty acid detected by Dr A. J. P. Martin in 
a distillate from the p-toluenesulphonic acid hydrolysate 
was acetic acid; the material was examined by gas-liquid 
partition chromatography (James & Martin, 1952). 

§ From a combination of sedimentation and diffusion 
data (see Addendum). 


content of this material was compared with that of 
the original polysaccharide by the paper electro- 
phoretic method described below. Both materials 
contained aspartic acid, glutamic acid and neutral 
amino acids. 


Analysis and properties 


Table 3 shows the average of similar analytical 
results from four different batches of polysaccharide. 
The material was dried in vacuo (0-1 mm. Hg) at 60° 
over P,O, before analysis. Two-dimensional paper 
chromatography on hydrolysates (3N-HCl at 100° 
for 16 hr.) of the polysaccharide (2 mg.) revealed the 
presence of the following amino acids: glycine, 
alanine, aspartic acid and glutamic acid. In addition 
to these amino acids and a large spot due to glucos- 
amine, several faint unidentified ninhydrin-positive 
spots were consistently found on chromatograms. 
When the hydrolysates were examined by the 
paper-electrophoretic method of Wade & Morgan 
(1954) with ninhydrin as a spraying reagent, 
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aspartic and glutamic acids moved towards the 
anode. Towards the cathode, a spot corresponding 
to neutral amino acids was evident and beyond this 
a large area of glucosamine obscured any basic 
amino acids which might have been present. 

Acid hydrolysis of the polysaccharide. Solutions of 
the polysaccharide (0-25 %) in 0-1N- and 0-5N-HCl 
were heated at 100°. Samples were removed at 
intervals and analysed for reducing sugar, N- 
acetylglucosamine and glucosamine (Elson & 
Morgan, 1933). Figs. 1 and 2 show the amount of 
these constituents liberated by hydrolysis with 
0-1N- and 0-5N-HCl. Liberation of reducing groups 
occurred rapidly; in 0-5N-HCl the maximum 
amount (71 % as glucose) was set free in 2 hr. This 
value agrees with the calculated reducing value for 
41% glucosamine plus 41 % galactose. The maxi- 
mum quantity of N-acetylglucosamine detected 
during either hydrolysis was 10 %. 

Fig. 3 shows the liberation of glucosamine by 
hydrolysis at 100° in 0-1N-, 0-5N-, 3N- and 6N-HCl. 


a 
oO 


= 40 


_—<—_—— 


20 neers: 


0 5 10 15 20 
Time (hr.) 


Quantity released as percentage 
of polysaccharide 


Fig. 1. Hydrolysis with 0-1N-HCl (100°). x, Glucosamine 
(Elson & Morgan, 1933); @, reducing sugar; O, N-acetyl- 
glucosamine. 
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Fig. 2. Hydrolysis with 0-5N-HCl (100°). x, Glucosamine 
(Elson & Morgan, 1933); @, reducing sugar; O, N-acetyl- 
glucosamine. 
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The maximum amount of glucosamine liberated by 
hydrolysis with 0-5N-HCl was 28%, whereas 38 % 
was set free by 3N-HCl. This seems to indicate two 
types of glucosamine linkages within the molecule. 
It will be noted that the initial rapid liberation of 
glucosamine by 3N-HCl ceased at a level of approx. 
30%; the remainder of the glucosamine was liber- 
ated at a slower rate. Furthermore, hydrolysis with 
3N-HCI of a sample from which no further glucos- 
amine could be liberated by the action of 0-5nN-HCl 
released an additional quantity of glucosamine. 

The following evidence shows that the higher 
value given by the Elson & Morgan (1933) method 
for the liberation of glucosamine by 3N-HCl was not 
due to substances other than hexosamines and 
particularly not due to those formed from sugar- 
amino acid mixtures (Immers & Vasseur, 1950). 

(1) The value obtained with glucosamine in the 
Elson & Morgan (1933) assay after heating with 
0-5N- or 3N-HCl was unaltered by including in the 
treatment with acid an equal quantity of galactose 
and 25 % of the protein from B. anthracis. 

(2) The polysaccharide hydrolysates produced no 
colour in the assay when acetylacetone was omitted 
from the reagents. Sugar—amino acid mixtures 
produce faint colours under these conditions 
(Immers & Vasseur, 1950; Gottschalk & Partridge, 
1950; Aminoff, Morgan & Watkins, 1952). 

(3) The absorption spectra of the colours obtained 
from glucosamine and the polysaccharide after 
heating in 3N-HCl were identical and had one 
maximum (530-535 my.). The colour produced by 
sugar—amino acid mixtures has two maxima at 
530 and 560-570 mu. (Boas, 1953). 

(4) Glucosamine and acetylglucosamine were 
heated with 0-5N- and 3N-HCI for 16 hr. at 100°; the 
same quantity of glucosamine was detected after 
either acid treatment. 


40 


w 
o 


20 


Glucosamine released as percentage 
of polysaccharide 





5 10 15 20 25 48 


Time (hr.) 

Fig. 3. Liberation of glucosamine, as measured by the 
Elson & Morgan (1933) technique, from the polysac- 
charide during hydrolysis at 100° with different strengths 
of acid. x, 0-In-HCl; @, 0-5N-HC]; O, 3N-HCI; 
V, 6N-HCI. 
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Total nitrogen and the glucosamine content. The 
a-carboxyl amino nitrogen value (0-3 %) indicates 
that the amino acid residues do not account for 
more than 0-4% of the polysaccharide nitrogen 
content. The remaining nitrogen (3-6%) could 
correspond to a glucosamine content of 46 %. 

After hydrolysing the polysaccharide with 3Nn- 
HCl, the glucosamine value found by the Tracey 
(1952) method (see Table 1) was close to this calcu- 
lated figure, but the Elson & Morgan (1933) method 
produced a significantly lower result. One possible 
explanation of this is that glucosamine deaminated 
during the hydrolysis has been included in the 
former value but not in the latter. However, this 
is not so. The difference between the two results 
[16% of the value obtained by the Tracey (1952) 
method] could not be accounted for by deamination, 
since glucosamine liberated only 4% and the poly- 
saccharide 6-5 % of its total nitrogen as ammonia 
when heated for 16 hr. at 100° in 3N-HCI (cf. Boas, 
1953). Hence, hydrolysis with 3N-HCl does not 
appear to liberate all the glucosamine residues in 
a form which reacts in the Elson & Morgan (1933) 
assay, although they are detectable by the Tracey 
(1952) method. 

After 4 and 16 hr. hydrolysis with 6N-HCl, the 
Elson & Morgan (1933) method gave a result (39 %) 
almost identical with that obtained after 3N-HCl 
hydrolysis, although the stronger acid would 
produce considerably more decomposition of the 
glucosamine. Thus glucosamine heated with 6N- 
HCl for 16 hr. at 100° liberated 15-3 % of its total 
nitrogen as ammonia. Boas (1953), using the Elson 
& Morgan (1933) method, showed that 20-4% 
decomposition of glucosamine occurred under 
similar acid conditions. If the glucosamine value 
obtained after hydrolysis of the polysaccharide 
with 6N-HCl is corrected for 15-3 % decomposition, 
a figure (45%) agreeing with that calculated from 
the nitrogen content is obtained. Furthermore, the 
ammonia nitrogen (0-75 %) found to be present in 
the polysaccharide after hydrolysis with 6N-HCl 
is equivalent to 9-5% of glucosamine. When this 
quantity of glucosamine is added to that detected 
by the Elson & Morgan (1933) method it shows that 
a total of 47-5% may be present in the polysac- 
charide. 

Acetyl residues. N-Acetylglucosamine was de- 
tected during acid hydrolysis, and it is probable 
that all the glucosamine residues of the polysac- 
charide occur in this form. The acetyl content of the 
polysaccharide was greater than that required on 
this basis. Hence, the following experiments were 
carried out to detect O-acetyl groups by means of 
their lability to cold alkali. Three samples of poly- 
saccharide (l10mg.) in 2% KOH (1lml.) were 
allowed to stand at 0° for 2 and 120 min. and at 37° 
for 120 min. Cold ethanol (10 ml.) was added and 
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Table 4. Acetyl content of polysaccharide after 
treatment with cold alkali 
Polysaccharide (10 mg.) was treated with 2% KOH 
(1 ml.) and then recovered by precipitation with ethanol. 


Recovered 
polysaccharide 





Hydrolytie conditions 


—__— 1 Acetyl 
Temp. Time Yield content 
(°) (min.) (%) (%) 
Untreated control — — 14-5 
0 2 82* 12-4 
0 120 98 12-0 
37 120 94 12-3 


* Some was lost by accident. 


the precipitated polysaccharide washed twice with 
ethanol (5 ml.) to complete the removal of potas- 
sium acetate. Table 4 shows the acetyl contents of 
the recovered polysaccharide samples. They indicate 
that a rapid loss of acetyl groups occurred in the first 
2 min., which was not increased by extending the 
time of treatment with alkali. The average acetyl 
content (12-2%) of the recovered samples corre- 
sponds to a loss of 2-3 % of acetyl. This figure was 
confirmed by direct measurement of the acetic acid 
set free. 

A solution of polysaccharide (40-2 mg.) in water 
(1 ml.) with one drop of phenol red and one drop of 
phenolphthalein added was adjusted to a chosen 
indicator end-point (about pH 8). Sodium hydr- 
oxide (1 ml. of 0-1N) was added at 0° and after 

105 min. the mixture was back-titrated with 
0-01 N-HCI to the original indicator colour. The acid 
liberated by the alkali treatment was equivalent to 
2-35 % of alkali-labile acetyl in the polysaccharide. 
N-Acetylglucosamine liberated no acid when 
treated similarly. The polysaccharide recovered 
from the alkaline treatment by dialysis and freeze- 
drying the solution had an acetyl content of 11-9 %. 

Stability of the glucosamine residues to cold alkali. 
A solution of the polysaccharide in half-saturated 
baryta was placed in a Conway unit at 20° for 94 hr. 
After this treatment, no free glucosamine or acetyl- 
glucosamine was present and only 1-5 % of the total 
nitrogen was liberated as ammonia. 

Biological properties. The purified polysaccharide 
from B. anthracis grown in vivo, like the crude pre- 
paration, was inactive at 1 % in tests for virulence- 
enhancing, antiphagocytie and anticomplementary 
activity (see Smith et al. 1956). A dilution of 
1:5x 10° precipitated with anthrax antiserum. 
Professor W. T. J. Morgan (private communication) 
found the polysaccharide to have no blood group A, 
B or O activity in serological tests. Professor M. 
Heidelberger (private communication) obtained a 
precipitate when antipneumococcus Type XIV 
serum was added to the polysaccharide solution. 
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DISCUSSION 


A purified polysaccharide has been obtained by mild 
treatment from B. anthracis grown in vivo. Analysis 
has indicated that this preparation is composed of 
N-acetylglucosamine and galactose in approxi- 
mately equimolecular proportions, together with 
small amounts of O-acetyl (2-3 %) and amino acid 
residues (2-3 %). The polysaccharide was subjected 
to anumber of tests for homogeneity, in all of which 
the preparation showed no evidence for hetero- 
geneity. In view of these results, it is considered 
that a small peptide moiety is firmly attached to the 
polysaccharide. 

The purified polysaccharide is probably identical 
with the polysaccharide synthesized by B. anthracis 
growing in vitro. The analysis of our preparation is 
generally similar to those of Ivanoviecs (1940a) and 
Strange & Belton (1954), and the quantitative 
differences are open to explanation. The preparation 
of Strange & Belton (1954) had galactose (39-43 %) 
and acetyl (14:3%) values almost identical with 
those obtained by us; its glucosamine value (34 %) 
obtained after hydrolysis with 3N-HCl for 3 hr. may 
have been low in view of the investigations described 
above. A similar comment may be made about the 
preparation of Ivanovics; the glucosamine value 
(34 %) was obtained after hydrolysis for 2-3 hr. with 
5n-HCL. 

The higher «-carboxyl amino nitrogen values of 
their preparations, which were not rigidly examined 
for heterogeneity, indicated the presence of more 
amino acid residues than in our preparation. A 
proportion of these may have been present as 
protein impurity. 

In our work no evidence has been found of either 
of the two polysaccharides described by Cave- 
Browne-Cave et al. (1954). The phosphorylated 
mannan could not be expected to occur in our 
bacterial extracts since these were obtained from 
washed organisms. We have found no evidence that 
the second of their polysaccharides, containing a 
2:1 ratio of galactose to glucosamine, could have 
been formed by the action of baryta on a precursor 
having an equal ratio of these constituents. No free 
glucosamine or acetylglucosamine was formed by 
the action of cold baryta on our polysaccharide. 
However, there does appear to be a difference in the 
linkage of glucosamine residues. This is indicated by 
the resistance of some of the linkages to hydrolysis 
by HCl at the lower concentrations. 

The polysaccharide isolated in this work, like 
that obtained by Ivanovics (1940a, b), precipitated 
with an antipneumococcus Type XIV serum. It did 
not inhibit the agglutination of erythrocytes (A, B 
or O) by their antisera. Ivanovics (19406) had 


shown that anthrax antiserum would precipitate 
with partially hydrolysed blood group A substance, 
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although it did not agglutinate group A erythro- 
cytes. 

Ivanovics (1940a@) considered that the polysac- 
charide played no role in the virulence of B. 
anthracis since it was present in both virulent and 
avirulent strains. The same argument could be used 
with reference to polyglutamic acid (see Smith & 
Keppie, 1955), which is, however, connected with 
virulence (Zwartouw & Smith, 1956). Positive 
evidence that the polysaccharide is not important in 
the virulence of the organism has been obtained 
here; it is completely inactive in tests for aggressive 
activity. 

SUMMARY 


1. A purified polysaccharide has been obtained 
by mild treatment from Bacillus anthracis grown 
in vivo. It showed no evidence for heterogeneity in 
a number of tests. 

2. The preparation is composed of N-acetyl- 
glucosamine and galactose in approximately equi- 
molecular proportions, together with small amounts 
of O-acetyl (2-3 %) and amino acid residues (2-3 %). 

3. The polysaccharide plays no important role in 
the virulence of B. anthracis. 


We are grateful to Professors W. T. J. Morgan and M. 
Heidelberger for serological testing and to Dr A. J. P. 
Martin for the identification of acetic acid. This work was 
part of a thesis submitted by one of us (H.T. Z.) for the Ph.D. 
degree of the University of London. 
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ADDENDUM 


Physicochemical Examination of the Polysaccharide from Bacillus anthracis 
Grown in vivo 


By B. R. RECORD anp R. G. WALLIS 


Microbiological Research Department, Porton, 


Wiltshire 


(Received 29 October 1955) 


The polysaccharide was examined in the electro- 
phoresis apparatus and the ultracentrifuge for 
evidence of homogeneity. Sedimentation and 
diffusion coefficients have been determined over a 
range of concentration, and a value for the molecular 
weight has been calculated from these results 
extrapolated to infinite dilution. 

The methods employed followed closely those 
described by Record & Wallis (1956). 


RESULTS 


RReregennee. (a) in phosphate (J 0-1, con- 
taining 0-0022m-KH,PO, and 0-0326M-Na,HPO,)- 
NaCl (J 0-1) buffer. A 1% solution of the freeze- 
dried material was made up in this buffer and 
dialysed for 5 days against daily changes of buffer. 
After running for 19 hr. at 12 ma in the standard 
10 ml. U-tube, one component only was observed. 
Appreciable spreading of the boundary had occurred 
but the anode- and cathode-limb boundaries were 
nearly symmetrical and practically identical, and 


5- and e-buffer boundaries were hardly apparent. 
The low anodic mobility of 0-124 x 10-4 em.?/sec./v 
was substantially the same in both anode and 
cathode limbs. 

(6) A similar experiment carried out in acetate 
(pH 4-5, J 0-1)—NaCl (J 0-1) buffer showed a very 
similar behaviour, with a still lower mobility 
(anodic) of 0-056 x 10-4 em.?/sec./v. 

Sedimentation. Both these solutions showed only a 
single sedimenting boundary in the ultracentrifuge. 
Fig. 1 shows the appearance of the boundary during 
the run with the solution of pH 8. The picture 
obtained with the solution of pH 4-5 was practically 
identical. 

The variation in sedimentation rate with concen- 
tration was explored in the phosphate (pH 8, 
I 0-1)—NaCl (IJ 0-1) buffer in order to arrive at 
the value at zero concentration for calculating the 
molecular weight. A stock 1% solution of the 


freeze-dried sample was prepared in this buffer and 
dilutions were made by weight. 
coefficients (corrected to water at 


The sedimentation 
20°) plotted 





Fig. 1. 
(J 0-1) buffer. 
was attained.) 


Speed = 59 780 rev./min. 


Ultracentrifuge patterns obtained with a 1% solution of the polysaccharide in phosphate (pH 8, 7 0-1)-NaCl 
Interval between exposures = 


64 min. (First exposure 53 min. after full speed 
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against concentration are shown in Fig. 2, from 
which it is seen that the relationship appears to be 
closely linear, and leads to an extrapolated value for 
Soo, w (¢ > 0) = 2-23 x 10-*. 

Partial specific volume. This was determined at 
20° pyknometrically, in the same buffer, as 0-656 for 
a 1-58% solution and 0-656 for a 0-79 % solution, 
and this value, 0-656, has been used in correcting the 
sedimentation rates to standard conditions and in 
the calculation of the molecular weight. 

Diffusion. Measurements were made in the same 
buffer (pH 8) in the Gouy diffusiometer over the 





> 

o 

n 

n“ 

S 

0 01 02 03 04 05 06 07 08 09 10 
Conen. (g./100 ml.) 

Fig. 2. Variation of sedimentation coefficient with concen- 


tration. Phosphate (pH 8, J 0-1)—NaCl (J 0-1) buffer. 
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Fig. 3. Variation of diffusion coefficient with concentration. 
Phosphate (pH 8, J 0-1)—NaCl (J 0-1) buffer. 
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range 0-5 % down to 0:2 %. The values of the diffu- 
sion coefficient shown (Fig. 3) were calculated from 
the movement of the outermost Gouy fringe. The 
measurements were made at 25° and corrected for 
temperature and buffer viscosity to water at 20°. 
The diffusion coefficients so obtained have been 
plotted against j,,, where j,, is proportional to the 
polysaccharide concentration and equal to the sum 
of the integral number of fringes plus the fractional 
part of a fringe in the Gouy pattern. The straight 
line drawn in Fig. 3 was calculated by the method of 
least squares and indicates a very small increase in 
D with rising concentration. If a linear extrapola- 
tion is assumed to be valid at concentrations below 
the experimental points, 


Dap, y (¢ > 0) = 5-50 x 10-7. 


Molecular weight. Applying the Svedberg equa- 
tion: RTS 
M= _— 
D(1—Vp) 


to these results, a value of 29000 is obtained for the 
molecular weight. The frictional ratio f/f, is 2-0. 

The broadening of the boundary in sedimentation 
has not been quantitatively assessed, but does not 
appear to be excessive for a molecular weight of this 
order, and the material, if polydisperse, cannot be 
markedly so. 


SUMMARY 


1. The polysaccharide from Bacillus anthracis 
shows only one component in proionged electro- 
phoresis and in sedimentation, both at pH 8 and 
pH 4-5. 

2. The molecular weight, calculated from the 
diffusion coefficient and the sedimentation coeffi- 
cient at infinite dilution and the partial specific 
volume (0-656), is 29000; the frictional ratio is 
2-0. 
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2-Hydroxymethyl1-3-methylquinoxaline 1:4-Dioxide: a Metabolite of 
2:3-Dimethylquinoxaline 1:4-Dioxide Active against 
Gram-negative Bacteria 


By J. FRANCIS, J. K. LANDQUIST, A. A. LEVI, J. A. SILK anp J. M. THORP 
Imperial Chemical (Pharmaceuticals) Limited, Research Laboratories, Hexagon House, 
Blackley, Manchester 9 


(Received 20 October 1955) 


The antibacterial activity of certain quinoxaline 
1:4-dioxides has been described by McIlwain (1943), 
Wiedling (1945), Frisk (1946), and Iland (1948), and 
previous papers from this Laboratory described 
their action on Entamoeba histolytica (Jones, 
Landquist & Stewart, 1953), and on viruses of the 
lymphogranuloma-—psittacosis group (Hurst e¢ al. 
1953). We have found that quinoxaline 1:4- 
dioxides show activity against Gram-negative 
bacteria, including Salmonella dublin and Salm. 
typhi, either in vitro or in infections in mice (Table 1). 
Similar observations have recently been published 
by Coulthard & Hale (1955). 
2:3-Dimethylquinoxaline 1:4-dioxide (7218) 
proved to be one of the most effective agents against 
Salm. dublin infections in mice, being more active 
than aureomycin, but it had little activity in vitro. 
Similar results were obtained with Escherichia coli 
and with Clostridium welchii, which was the most 
sensitive. It appeared, therefore, that an active 
metabolite was formed in vivo, and it was found that 
the blood and urine of sheep dosed with 7218 
became active against Salm. dublin and Cl. welchii 
within an hour of dosing. Isolation of the meta- 
bolite from sheep’s urine was attempted, the urine 
being treated with lead acetate until no further 
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Fig. 1. Ultraviolet absorption spectra of 2:3-dimethyl- 
quinoxaline 1:4-dioxide (full line) and metabolite (broken 
line) in water + 0-5% methanol. 


precipitation of lead salts occurred, then concen- 
trated, and subjected to various extraction pro- 
cedures. The concentration of the biologically active 
fraction was followed at first by assays against Cl. 
welchii and later by examination of the ultraviolet 
absorption spectra for bands characteristic of 
quinoxaline di-N-oxides (Fig. 1). Undue exposure 
of the solutions to light was avoided. The active 
metabolite was finally separated from unchanged 
7218 by partition chromatography and was ob- 
tained as crystalline solid with an elementary 
composition corresponding to C,,H,,0,N,. On the 
basis of the absence of obvious phenolic character- 
istics, a comparison of its absorption spectrum with 
those of numerous quinoxaline derivatives, and its 
non-identity with the di- N-oxide of 5- or 6-hydroxy- 
2:3-dimethylquinoxaline, it was concluded that the 
metabolite is 2-hydroxymethyl-3-methylquinox- 
aline 1:4-dioxide, and this was confirmed by syn- 
thesis of this compound (12811). 


0 O 
~ SMe ~ N\CH,.OH 
Me \ Me 
N N 
Y t 
0 O 
(7218) (12811; 


2-Methylquinoxaline-3-aldehyde (Seyhan, 1951) 
was made by an improved method and was reduced 
to 2-hydroxymethyl-3-methylquinoxaline. This 
carbinol was also obtained, in very poor yield, by 
the reduction of ethyl 2-methylquinoxaline-3- 
carboxylate with lithium aluminium hydride; 
reduction with lithium borohydride gave rather 
better results. The carbinol could not be oxidized 
directly to the di-N-oxide by performic acid, but 
acetylation, followed by oxidation with peracetic 
acid, gave 2-acetoxymethyl-3-methylquinoxaline 
1:4-dioxide. This was hydrolysed to 2-hydroxy- 
methyl-3-methylquinoxaline 1:4-dioxide (12811), 
which was identical with the metabolite isolated 
from sheep’s urine. 





” 
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Table 1. Therapeutic activity of some quinoxaline 1:4-dioxides against Salm. dublin infections in mice 
Doses were given twice daily for five days. 

Average 
Dose survival time 

Code no. Substituents (mg.) (days) 
8173 None 5 5-2 
8333 6-Chloro 5 7-4 
7218 2:3-Dimethyl 5 14-2 
10 12-4 
9947 6:7-Dimethyl 5 8-0 
10389 6-Chloro-7-methyl 10 6-6 
Controls -= — 1-4 


Both synthetic 12811 and the natural metabolite 
showed the expected antibacterial and amoebicidal 
properties, being slightly less active than 7218 in 
experiments in vivo. Spectroscopic determination 
of blood levels of 7218 and 12811 in mice dosed with 
7218 showed that formation of the metabolite was 
rapid and extensive. 

The metabolic change undergone by 7218 is 
rather unexpected. Substitution in the quinoxaline 
nucleus is known to be difficult, but it is surprising 
that 7218 was hydroxylated in the side chain with- 
out undergoing other changes, such as reduction of 
the N-oxide group. Further metabolic changes 
certainly oceurred, as the quinoxaline derivatives 
excreted in sheep’s urine contained only a minor 
proportion of 12811. 


{X PERIMENTAL 


Therapeutic test against Salm. dublin. Mice were dosed 
orally twice daily for 5 days and were injected intraperi- 
toneally, 2 hr. after the first dose of the compound, with 
0-25 ml. of a 24hr. blood—broth culture of Salm. dublin 
(Lovell). They were observed for 11 days and survivors were 
assumed to live for 15 days. The majority of the controls 
died within 24 hr. (Table 1). 

In a series of comparative experiments in which 5 mg. of 
drugs were given orally to mice twice daily for 5 days, only 
9 of 85 mice treated with aureomycin were alive 9 days after 
infection, but 54 out of 100 treated with 7218 were alive. 

Bacteriostatic tests. Serial threefold dilutions of drugs were 
incorporated with Lemco-agar medium, inoculated with a 
diiuted (1:1 000) 24 hr. blood—broth culture of Salm. dublin 
and incubated for 18 hr. at 37°. Tests against Cl. welchii 
were performed similarly, but glucose was added to the 
medium to a final concentration of 1 %, and after inoculation 
with a 24hr. Robertson’s meat—broth culture of Cl. welchii 
the tubes were incubated in a McIntosh and Fildes jar with 
hydrogen. Consistent results were obtained when inocula- 
tion was confined to a single streak with a standard loopful 
of the culture. The dilutions of 7218 and its metabolite 
which just prevented growth are shown in Table 2. 

Isolation of the metabolite. Two sheep were dosed orally 
with 7218 (50 mg./kg.) twice daily for 2 days and the urine 
was collected for 2-3 days, stored at 0-5° over chloroform, 
and protected from the light. After each dosing schedule, 
the animals were rested for a few days. 

Urine (3 1.) containing the metabolite was treated with 
a small excess of powdered lead acetate and filtered from 


Table 2. Bacteriostatic action of 7218 and its metabolite 


Minimum inhibitory concentration 


Cl. welchii 


Substance Salm. dublin 
7218 1:1 000 1: 100 000 
Metabolite 1:9 000 1:2 700 000 
12811 1:9 000 ats 


lead salts. The pH of the filtrate was adjusted to about 7-5 
by addition of concentrated ammonium carbonate solution 
to remove excess of lead, and the liquid was filtered and 
concentrated under reduced pressure to one-tenth of the 
original volume. To avoid the exposure to light inseparable 
from conventional extraction techniques, the concentrated 
urine was adsorbed on silica gel (100 g. of silica gel to 60 ml. 
of concentrate) and the resulting powder was eluted with 
chloroform until a sample of the eluate showed only a faint 
reaction for quinoxaline derivatives [2-3 ml. was evaporated 
to dryness, heated for 30 sec. with acetic acid (2-3 ml.) and 
zine dust, cooled and treated with acetylacetone (1 drop); 
a pink colour showed the presence of o-phenylenediamine 
formed by scission of the quinoxaline derivatives]. The 
combined chloroform extracts were concentrated to 30- 
50 ml. under reduced pressure, benzene (200 ml.) was added 
and the solution was again concentrated. This was repeated 
until the chloroform had been removed, and the benzene 
solution (30-50 ml.) was filtered from tarry material and put 
on a column (5 em. diameter) of silica gel (100 g.) moistened 
with water (60 ml.), with A.R. benzene as the solvent phase. 
Elution with benzene removed first 7218 and unidentified 
metabolites, and then the active metabolite (approx. 30 mg.) 
which crystallized from benzene in faintly brown crystals, 
m.p. 185° corr. (Found: C, 57-9; H, 4-65; N, 13-9; C,p>H, 03N2 
requires C, 58-25; H, 4-85; N, 13-6%.) (Table 3.) 


Synthesis of the metabolite 

2-Methyiquinoxaline-3-aldehyde. 2:3- Dimethyl quinoxa- 
line (20 g.), freshly sublimed selenium dioxide (15 g.) and 
ethyl acetate (250 ml.) were stirred and boiled under reflux 
for 4hr. After filtration from selenium, the solvent was 
distilled off and the residue steam-distilled. The aqueous 
distillate was saturated with salt and extracted with ether. 
The extract was evaporated, leaving the crude aldehyde 
(9-8 g., m.p. 132-137°) which was crystallized from light 
petroleum (b.p. 80-100°), giving 7-7 g., m.p. 140°. The use of 
other solvents, unsublimed selenium dioxide or other pro- 
portions of reagents gave inferior yields. 

2-Hydroxymethyl-3-methylquinoxaline. This was 
thesized by two methods. In method (a), 2-methylquinoxa- 
line-3-aldehyde (34-2 g.), formalin (68 ml.) and potassium 
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Table 3. Chromatographic separation of solvent extract of urine from sheep dosed with 7218 


Absorption 


Bacteriostatic spectrum of 
Vol. activity against quinoxaline Acetylacetone 
Fraction (ml.) Colour Cl. welchii oxide type reaction 
1 200 Brown - - = 
2* 200 Yellow + + + 
3 400 Almost colourless - = = 
+ 1000 Yellow + + 


* Unchanged 7218 


hydroxide (46 g.) in water (200 ml.) were shaken together 
for 3 hr. The dark red-brown solution formed at first became 
colourless and a cream solid separated. This was collected 
and dried (21-6 g., m.p. 115-118°), and crystallized from 
light petroleum (b.p. 80-100°), giving white crystals of 
the carbinol (19-2 g.), m.p. 116-118°. (Found: N, 16-2; 
C19H,,ON, requires N, 16-1%.) The aqueous mother liquor 
was extracted with ether, yielding impure carbinol (10 g.), 
m.p. 95-114°, which could not easily be purified by re- 
crystallization. 

Method (6). A solution of ethyl 3-methylquinoxaline-2- 
carboxylate (22 g.) in dry ether (120 ml.) was added during 
1-5 hr. to lithium borohydride (1-2 g.), stirring in dry ether. 
When addition was completed, the mixture was heated 
under reflux for 30 min., cooled and treated with water 
(50 ml.). After separation, the aqueous phase was extracted 
twice with ether and the combined ethereal solutions were 
dried (Na,SO,) and evaporated in the cold. The residue, 
which soon darkened, was scratched, cooled and filtered, the 
solid (1-85 g.) being washed with benzene containing a little 
cyclohexane. Crystallization from benzene-cyclohexane 
gave the carbinol, m.p. 116-118°. 

2-Acetoxymethyl-3-methylquinoxaline. 2-Hydroxymethyl- 
3-methylquinoxaline (19-2 g.), pure, dry pyridine (42 ml.) 
and acetic anhydride (21 ml., A.R. quality) were mixed, the 
temperature rising to 45°. After 18 hr., the mixture was 
poured into water (500 ml.), left for 1 hr., made faintly acid 
(pH 5-6) with conc. HCl, and extracted with ether 
(3 x 300 ml.). The extract was washed successively with 
0:5N-HCl (2x100ml.), saturated NaHCO, solution 
(2x 200 ml.), and water (100 ml.), dried (Na,SO,) and 
evaporated. The oily residue (21 g.) crystallized on cooling 
(m.p. 55-56°). 2-Acetoxymethyl-3-methylquinoxaline gave 
colourless crystals from light petroleum (b.p. 40-60°), m.p. 
57-58° (Found: C, 67-1; H, 5-8; N, 12-9; C,,H,.0.N, requires 
C, 66-67; H, 5-55; N, 12-96%.) 

2-Acetoxymethyl-3-methylquinoxaline 1:4-dioxide. 2-Acet- 
oxymethyl-3-methylquinoxaline (15-9 g.) and 1-25nN per- 
acetic acid (240 ml.) were heated at 50° overnight, concen- 
trated under reduced pressure, neutralized (to pH 7-0) by 
addition of ice and sodium hydroxide solution, and extracted 
with chloroform. Evaporation of the dried (Na,SO,) 
extract gave a brown syrup (16 g.) containing much un- 
oxidized material. Partition chromatography (benzene— 
water-silica gel) was unpromising, and retreatment of the 
crude product with peracetic acid did not effect much 
improvement. The crude product (13-5 g.) dissolved in 
50% aqueous methanol (1 1.) was stirred overnight with 
an acid-washed sulphonated phenolic resin (Amberlite 


IR-105 H) (50 g.), left for 2 days (protected from light) and 
filtered. The resin was re-extracted with 50% aqueous 
methanol (3 x 1 1.) and the combined filtrates were evapor- 
ated under reduced pressure. The residual black tar was 
extracted with ethylene dichloride—light petroleum (b.p. 
100-120°), affording yellow-brown needles of the di-N-oxide 
(1-6 g.), m.p. 165-167°. (Found: C, 58-5; H, 5-1; N, 13-0; 
C,2H,.0,N, requires C, 58-07; H, 4:84; N, 113%.) Re- 
extraction of the tar gave 0-6 g., m.p. approx. 160°. 

2-Hydroxymethyl-3-methylquinoxaline 1:4-dioxide. The 
acetoxy compound (2-5g.) and 2N-HCl (100 ml.) were 
boiled under reflux for 15 min., treated with carbon, and 
filtered. The cooled solution was neutralized (pH 7-0) with 
dil. NaOH and extracted with chloroform (3 x 120 ml.). 
Evaporation of the dried (Na,SO,) extract gave a crystalline 
residue (1-7 g., m.p. 171-180°) which crystallized from 
benzene, yielding 2-hydroxymethyl-3-methylquinoxaline 1:4- 
dioxide (0-9 g.), m.p. and mixed m.p. with the metabolite of 
7218, 182-184°. (Found: C, 58-0; H, 48%; C,,H,,0;N. 
requires C, 58-25; H, 4-85 %.) 


SUMMARY 


1. 2:3-Dimethylquinoxaline 1:4-dioxide has little 
activity against Salmonella dublin and Clostridium 
welchii in vitro, but is converted in vivo into a 
highly active metabolite. 

2. The metabolite has been isolated and identi- 
fied as 2-hydroxymethyl-3-methylquinoxaline 1:4- 
dioxide. 

3. The synthesis of the metabolite is described. 
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The investigation of the biological effects of 
vitamin A has been in progress in our laboratory for 
several years. During the course of our experiments 
it was found that the inclusion of a mixture of four 
parts of beef fat and one part of mutton fat, supplied 
at the 10 % level, provided a vitamin A-like material 
detectable by bioassay. Initially we were unable 
to obtain specific chemical or physical tests for 
vitamin A and carotene, but an improvement in 
technique enabled us subsequently to do so. The 
chemical analysis of the fat was undertaken shortly 
after the appearance of the conflicting reports of 
Lowe & Morton (1953) and of Herb, Riemen- 
schneider, Kaunitz & Slanetz (1953). While our 
work was in progress, a paper by Ames & Harris 
(1954) confirmed the presence of vitamin A in lard, 
as originally suggested by Herb et al. (1953). 

It is the object of this study, first, to add further 
confirmation of the presence of vitamin A in beef 
and mutton fat and, secondly, to describe an 
improved method for the concentration of trace 
amounts of vitamin A and of -carotene from 
animal fat. 

It would seem that vitamin A may be of wide- 
spread occurrence in the depot fats of mammals. 
The methods which we have used for the concen- 
tration of trace amounts of vitamin A and f- 
carotene are probably generally applicable to such 
fats. 


EXPERIMENTAL AND RESULTS 

Beef fat-mutton fat mixture. This was a 4:1 (w/w) mixture 
commercially rendered by a local butcher. In addition, two 
samples of beef fat from the same fresh carcass were kindly 
supplied by Mr I. H. Chayen of British Glues and Chemicals 
Ltd., London. These were (i) a sample rendered by steam in 
the usual way, and (ii) a sample rendered in cold water by 
the impulse-rendering technique (Chayen & Ashworth, 
1953). 

Biological assay of vitamin A. The assays were carried out 
by an improved method which will be published shortly. 
The beef fat-mutton fat mixture assayed at 5-3 i.u./g. and 
distillate B at 130-140 i.u./g. Both beef fat samples (i) and 
(ii) above contained 5 i.u. of vitamin A/g., so that it would 
appear that no vitamin A is lost during normal steam 
rendering. 


Chemical assay of vitamin A in beef fat—-mutton fat mixture. 
The fat (50 g.) was saponified by the method of Boldingh & 
Drost (1951). The ethanolic solution was diluted with cold 
water until its ethanol content was about 35% (v/v), and 
was then extracted with peroxide-free ether (1 x 500 ml.; 
2 x 250 ml.). The combined ethereal extracts were washed 
with boiled-out distilled water (5 x 30 ml.) and evaporated. 
All these operations were carried out in nitrogen and in the 
presence of a little quinol. Water was removed from the 
residue under water-pump vacuum at room temp. The 
residue (approx. 0-16 g.) was taken up in dry ether (5-0 ml.) 
and dry hexane (15-0 ml.) added. The solution was allowed 
to stand for 30 min. so that the cholesterol could crystallize 
out. A portion (2 ml.) of this solution was then chromato- 
graphed on alumina (Peter Spence Ltd., Widnes, grade H, 
heated for 3 hr. at 105°) by the method of Thompson, 
Ganguly & Kon (1949), and the vitamin A content of eluate 
(c) after evaporation in nitrogen was determined by the 
Carr—Price method. Several experiments gave a value of 
5-2 i.u. of vitamin/g. fat. The solids from eluate (c) showed 
Eynax. at 325 my. in 96 % (v/v) aqueous ethanol. Because of 
interfering substances the vitamin A content of the fat 
calculated from the optical density at this wavelength was 
about double that obtained by the Carr—Price method. 

The above procedure was carried out on saponified fat 
from which the unsaponifiable portion had been removed and 
cholesterol plus known amounts of vitamin A added. 
Theoretical recovery of vitamin A was obtained. 

Molecular distillation of rendered fat. The procedure was 
similar to that of Herb et al. (1953). The rendered beef fat- 
mutton fat mixture (4:1, 36 kg.) was distilled in kilogram 
quantities in a 5 in. rotating-disk molecular still (Distillation 
Products Inc., Rochester, N.Y.) at 220°. The distillate 
(6330 g., 18 %) contained most of the original vitamin A-like 
activity and was redistilled to give the following fractions. 
Distillate A: distilling up to 130° (211 g.=0-6 % of original 
fat). Distillate B: distilling at 130-200° (747 g.=2-1% of 
original fat). Residue C: not distilled. Distillate B was by 
far the richest in vitamin A-like activity, as measured by 
biological tests on rats; it appeared to contain the bulk of 
the yellow colour of the original fat. 

Saponification of distillate B. Distillate B was saponified 
by the method of Boldingh & Drost (1951). The ethanolic 
solution was then diluted with water until its ethanol 
content was 35% (v/v) and extracted continvously with 
pentane in an efficient liquid-liquid extractor for 8 hr. 
Evaporation of the solvent yielded 3-6 % of unsaponifiable 
material (0-075 % of original fat) as an orange-yellow solid 
containing much crystalline cholesterol. A solution of this 
unsaponifiable material in CHCl, gave with the SbCl, 
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reagent an intense fleeting blue colour showing an absorption 
band at 620 my. In ethanolic solution, the unsaponifiable 
material showed no peak at 324 muy.; there was only general 
unresolved background absorption. 

Reversed-phase partition chromatographic experiments. 
(a) Vitamin A-cholesterol mixtures: a jacketed column, 
1-5 cm. in diameter and kept at 35°, was used. Non-wetting 
kieselguhr (35 g.) and n-heptane (31-5 ml.) (cf. Howard & 
Martin, 1950; Silk & Hahn, 1954) were thoroughly mixed by 
shaking and added to 60% (v/v) aqueous methanol; the 
resultant slurry was vigorously boiled under water-pump 
vacuum to expel air and then packed into the column already 
half-filled with degassed 60% (v/v) aqueous methanol. 
Packing was accomplished by gravity, a plunger being used 
to break up any lumps. A mixture (50 mg.) of vitamin A 
and cholesterol (1:25) in 75% (v/v) aqueous methanol 
equilibrated with heptane was poured on to the column 
which was then developed with the same solvent mixture. 
The vitamin A came quickly through the column, whereas 
the cholesterol remained behind. The developing solvent 
was then changed to 90% (v/v) aqueous methanol equili- 
brated with heptane. Water was added to the eluate, which 
was then extracted with CHCI,.The CHCl, extract gave the 
sensitive Liebermann—Burchard test for cholesterol. 

(b) Unsaponifiable material from distillate B: the un- 
saponifiable material from 30 g. of distillate B was shaken 
with pentane (50 ml.) and mixed with one-seventh of the 
non-wetting kieselguhr-n-heptane mixture [prepared as in 
(a)] kept back for the purpose. The mixture was evaporated 
at room temp. under water-pump vacuum until the residue 
was coarse and granular. To the residue was added 60% 
(v/v) aqueous methanol (50 ml.) and the whole was then 
boiled in vacuo to remove air. The resulting slurry was 
poured on top of the column prepared as in (a) from the 
remaining six-sevenths of the kieselguhr—n-heptane. On 
settling, the kieselguhr column was about 70cm. long. 
A siphon delivering 3-2 ml. samples (sufficient to fill the 
lem. cells of a Beckman DU spectrophotometer) was 
attached to the hottom of the column. The column was 
developed with 60% (v/v) aqueous methanol equilibrated 
with heptane until the initial cloudiness of the eluate 
cleared; 75% (v/v) aqueous methanol equilibrated with 
heptane was then used. The optical density readings of the 
eluates (at 324 my.) were measured and it was found that 
the initial background values were below 0-05. These values 
rose sharply when the vitamin A began to come off the 
column; those eluates absorbing strongly at 324 mp. were 
collected separately, a middle fraction being bulked. The 
amount of vitamin A present was calculated from the 
volumes and optical densities of the appropriate eluates. 
The ultraviolet absorption spectrum of the middle bulked 
fraction was identical in shape with that of pure vitamin A 
from 324 mp. onwards; there was, however, increased 
absorption over the range 220-324 mu., but this increase 
was quite small above 300 mp. In the above manner a 
figure of 3-6 mg. of vitamin A/100 g. of distillate B was 
found, i.e. 120 i.u./g. When all of the vitamin A had been 
removed from the column, the latter was washed with 
pentane and the yellow eluate was collected for later 
examination for the presence of carotenes (see below). 

Conversion of vitamin A into anhydrovitamin A. The 
middle bulked fraction of eluate above was diluted with an 
equal quantity of water and extracted continuously for 2 hr. 
with pentane in an efficient liquid-liquid extractor. After 
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removal of solvent from the extract, the residue was taken 
up in dry ethanol and its ultraviolet absorption curve in the 
range 340-400 my. determined. A portion of the solution 
was treated with dry ethanolic HCI until it was 0-033 nN with 
respect to HCl. After 15 min. at 30°, this solution was 
neutralized with ethanolic KOH and its absorption curve in 
the 340-400 my. range measured. From this was subtracted 
the curve obtained before treatment with HCl. This experi- 
ment was repeated with crystalline vitamin A. The resulting 
curves are shown in Fig. 1. The absorption maxima found 
under these conditions were about 3 my. lower than those 
recorded by Shantz, Crawley & Embree (1943) and by 
Ames & Harris (1954). The absorption quotients found by us 
for anhydrovitamin A from synthetic crystalline vitamin A 
were: 351 my./368 mp. =0-55 and 389 my./368 my. =0-78. 
Shantz et al. (1943) recorded values of 0-68 and 0-87 re- 
spectively. The quotients for the vitamin A concentrate 
from the fat (obtained as described above) were: 351 muy./ 
368 my. =0-52 and 389 my./368 my. =0-76. 

Alumina chromatography of the vitamin A-enriched fraction 
from the reversed-phase partition chromatogram. With a view 
to obtaining material suitable for infrared identification, 
several attempts were made to purify further the vitamin A- 
enriched fraction by chromatography on alumina. Trial 
experiments with pure vitamin A indicated that good 
recoveries were obtained with alumina containing 4% of 
water and with ether—pentane (1:9, v/v) as eluent. 

In another experiment reversed-phase partition chro- 
matography of an unsaponifiable fraction from distillate B 
afforded 53-9 mg. of material containing 2-3 mg. of vitamin 
A (by absorption measurement at 324 mu.), i.e. the prepara- 
tion contained 4:25% of vitamin A. After solution in 
pentane, this was poured on to a column of alumina con- 
taining 4% water (5g., 7-5cem.x1-0cm.) prepared in 
pentane. Elution with ether—pentane (1:9, v/v) mixture 
afforded 8-7 mg. of material containing 1-3 mg. of vitamin A, 
i.e. 15% of vitamin A. Although some concentration had 
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Fig. 1. Absorption curves in ethanol of anhydrovitamin A 
from fat (@—@) and from crystalline vitamin A (@---@). 
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been effected, there was still too much extraneous matter 
present in the final preparation for identification of the 
vitamin A by infrared spectroscopy. 

Examination of the carotenes of distillate B. The combined 
yellow pentane eluates from several reversed-phase 
chromatograms (see above) representing 200 g. of distillate 
B were bulked, concentrated and filtered from solid chol- 
esterol. The filtrate was evaporated to dryness in vacuo and 
then dissolved in hexane and chromatographed on alumina 
(activity I-I1, Brockman’s scale) contained in a tube 2 cm. 
in diameter. Four distinct zones appeared, namely, zone 1 
(9-5 em.) pink; zone 2 (0-5 cm.) brown; zones 3 and 4 (total of 
4 cm.) bright yellow. The eluate was slightly yellow. The 
extracts from zones 1 and 2 were combined; they had 
absorption maxima at 424, 449 and 474 mu. (in hexane) and 
still contained much cholesterol. The combined extract was 
chromatographed twice on Ca(OH), and then finally on 
alumina (activity I-I1). In the final alumina chromatogram 
a column 2-7 cm. in diameter was used; development with 
benzene-hexane mixture (1:1, v/v) gave three zones, 
namely, zone A (5 cm.) brown-pink; zone B (10 cm.) pale 
pink; zone C (6 cm.) white. The extract from zone B was 
dissolved in hexane and its ultraviolet absorption spectrum 
determined; it gave a curve identical with that of B- 
carotene which had been treated in precisely the same way 
(see Fig. 2). From the intensity of absorption it was found 
that 0-39 mg. of B-carotene was obtained from 200 g. of 
distillate B; this is equivalent to a vitamin A activity in 
distillate B of 3 i-u./g. Other carotenes were present in small 
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Fig. 2. Absorption curves in hexane of £-carotene from fat 
(@—--@) and from crystalline B-carotene after chromato- 
graphy on alumina (@—®). 
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amounts, but these were not investigated. Further con- 
firmation of the identity of the B-carotene was obtained by 


carrying out a mixed chromatogram on alumina with an 
authentic specimen. Only one unresolved zone formed. 


DISCUSSION 


The present studies indicate that vitamin A is 
present in our beef fat—mutton fat mixture and also 
in beef fat. This fact has been demonstrated by both 
chemical and biological assay. In addition, the 
active factor has been considerably concentrated 
but our product was still too impure for identifica- 
tion by infrared spectroscopy. The amount of 
vitamin A we have found is considerably greater 
than the value (0-2—0-5 i.u./g.) recorded by Henry, 
Goodwin, Kon & Morton (1941) for commercial beef 
dripping. According to Herb e¢ al. (1953) lard 
contains 0-5-2 i.u. of vitamin A/g., which is of the 
same order as that we have found in the beef fat- 
mutton fat mixture. Recently Pierse (1954) has 
found vitamin A in human fat to the extent of about 
7 i.u./g., together with appreciable amounts of 
B-carotene. 


SUMMARY 


1. The vitamin A activity (as indicated by bio- 
assay) of a mixture of rendered beef and mutton fats 
(4:1) has been shown to be due entirely to vitamin A, 
together with a minor amount of £-carotene. 

2. An enormous concentration of the vitamin A 
in the unsaponifiable portions was effected by 
means of reversed-phase partition chromatography. 


The identification of the B-carotene was kindly carried out 
by Dr C. F. Garbers. This paper is published by permission of 
the South African Council for Scientific and Industrial 
Research. 
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Estimations of the concentrations of free proto- 
porphyrin within the erythrocytes may assist in 
the understanding of the nature of the metabolic 
disturbances responsible for certain anaemic states. 
Normal concentrations of free protoporphyrin are 
found when haemoglobin synthesis is retarded by 
a dietary deficiency of protein (Cartwright & 
Wintrobe, 19486); the relatively low concentrations 
that accompany the anaemia of pyridoxine de- 
ficiency (Cartwright & Wintrobe, 1948a) suggest an 
impairment of protoporphyrin production; and the 
abnormally high concentrations that supervene 
on infection, haemorrhage, iron deficiency, etc. 
(Cartwright, Lauritsen, Jones, Merrill & Wintrobe, 
1946; Cartwright, Huguley, Ashenbrucker, Fay & 
Wintrobe, 1948) indicate that the synthesis of 
haemoglobin is then limited by factors other 
than those associated with the production of 
protoporphyrin. 

Watson (1950) has reported that in human 
subjects suffering from Addisonian pernicious 
anaemia the concentrations of both coproporphyrin 
and free protoporphyrin in the red cells are within 
the normal range, and that during remission after 
treatment with vitamin B,, the concentration of 
coproporphyrin increases as the number of reticulo- 
cytes increases, whilst the concentration of free 
protoporphyrin rises more slowly to reach a maxi- 
mum subsequent to the reticulocyte peak. 

A study of the concentration of free protopor- 
phyrin in the red cells of vitamin B,,-deficient sheep 
has shown (see below) that the concentration in- 
creases with the severity of the condition, and 
gradually returns to normal after therapy with 
vitamin B,.. Unequivocal evidence has also been 
obtained of abnormally high concentrations of free 
protoporphyrin in the red cells of sheep rendered 
anaemic by the virtual iron deficiency which super- 
venes on a dietary deficiency of copper (cf. Marston, 
1952). 

Bénard, Gajdos & Gajdos-Térék (1951) have 
claimed that the concentration of free proto- 
porphyrin in the red cells of normal rabbits in- 
creases after parenteral injection of either vitamin 
B,, or pteroylglutamic acid. As the concentrations 
of free protoporphyrin reported by these authors 


were, before treatment, extraordinarily low and, 
after treatment, within the normal range found by 
other workers (Schwartz & Wikoff, 1952), the 
experiments were repeated in the course of the 
present study. The results did not confirm the 
claims that the concentration of free protoporphyrin 
in the red cells of normal rabbits is influenced by 
supplementation with either vitamin B,, or pteroyl- 
glutamic acid in excess of the normal requirements. 
The possibility that the experimental animals used 
by Bénard et al. were vitamin B,,-deficient before 
treatment is remote, as this vitamin is unlikely to be 
a limiting factor in an animal that is coprophagous, 
e.g. the rabbit, which is pre-eminently so (Eden, 
1940, 1945). 


METHODS 


The vitamin B,,.-deficient sheep were experimental animals 
included in long-term investigations of various aspects of 
vitamin B,, deficiency, the results of which will be published 
elsewhere. The animals were confined either in pens or in 
metabolism cages and were fed on rations containing less 
than 0-03 yg. of Co/g. dry wt. (Marston & Smith, 1952) until 
their stores of vitamin B,, had become depleted to a level 
which no longer fulfilled the requirements of normal meta- 
bolism, at which stage appetite fails. The final criterion of 
uncomplicated vitamin B,, deficiency under these conditions 
was the capacity of parenteral injection of vitamin B,, to 
maintain, indefinitely, normal health in sheep on these 
rations and to induce rapid recovery in those which in- 
variably developed the deficiency syndrome when confined 
to cobalt-deficient rations. The administration of appro- 
priate amounts of cobalt per os, either as a drench or as an 
addition to the deficient fodder, induces the synthesis of 
sufficient vitamin B,, by micro-organisms in the paunch to 
meet the animal’s requirements, and the effects are identical 
with those which supervene on parenteral injection of 
vitamin B,, (Marston, 1952). 

The copper-deficient sheep and the normal (copper- 
treated) control sheep were drawn from groups of experi- 
mental animals that had grazed together as a flock on 
copper-deficient pastures throughout the previous 30 
months. The control animals (group A) had been kept in a 
normal state of health by dosing them with the equivalent 
of 10 mg. Cu/day administered as copper sulphate thrice 
weekly. The copper-deficient animals (group C) had not 
received a copper supplement and had developed the 
advanced syndrome of copper deficiency (Marston, Lee & 
McDonald, 1948 a, b). 
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Male Chinchilla rabbits aged approx. 14 weeks and 
approx. 1-4 kg. in weight were used when repeating the 
experiments of Bénard et al. (1951). These were fed on a 
ration comprised of lucerne and compressed nuts, con- 
taining bran (41 %), pollard (41 %), crushed oats (4%), meat 
meal (4%), wheat germ (2%), brown peas (6%), salt (1%) 
and a supplement of vitamins A and D. 


Analytical 


The oxygen-carrying capacity of blood was estimated by 
an alkaline-haematin method (cf. Marston & Lee, 1948). 

Plasma iron was estimated by a modification of the 
methods of Barkan & Walker (1940) and Kitzes, Elvehjem & 
Schuette (1944), ie. by incubation of the plasma with HCl 
as recommended by Barkan & Walker, followed, with slight 
modification, by the colorimetric estimation of iron as 
described by Kitzes et al. 


Reagents 


Ethyl acetate. Alcohol was removed from commercial 
ethyl acetate by heating under reflux for about 2 hr. with 
one-tenth of its volume of acetic anhydride; the product was 
fractionally distilled. Ethyl acetate may be recovered from 
residues by crude fractional distillation, followed by 
neutralization of the distillate with saturated Na,CO, 
solution, dehydration first with Na,SO, and then with 
K,CO3;, and finally fractional distillation. The use of CaCl, 
as a drying agent, recommended by Schwartz, Zieve & 
Watson (1951), should be avoided, as CaCl, is freely soluble 
in ethyl acetate and decomposes when heated with it (Le 
Canu, 1885). 

Ethyl ether. High-grade commercial ether was shaken 
with FeSO, solution (60 g. of FeSO,,7H,O, 6 ml. of conc. 
H,SO,, 110 ml. of H,O), dried over CaCl, and distilled. 

Chloroform. Commercial chloroform was shaken, in the 
cold, with about half of its volume of cone. H,SO,, then 
washed successively with water, dilute Na,CO, solution and 
water, and, after drying over CaCl, in an atmosphere of CO, 
or Ng, fractionally distilled as required. 

Hydrochloric acid solutions. These were 25% (w/v) and 
10% (w/v). 

Estimation of porphyrins 


As analytical procedures in current use for the estimation 
of the porphyrins depend essentially on differences in the 
partitions of individual porphyrins between aqueous solu- 
tions and various organic solvents, more than usual care 
must be taken to ensure that the solvents are pure. The 
method outlined below, based on that of Schwartz & Wikoff 
(1952), but differing from it in an important detail, was used 
in an attempt to estimate both copro- and free proto- 
porphyrin in the same sample of blood. For the estimation 
of free protoporphyrin only, 2 ml. samples of blood (or 
sufficient to give 0-5-1-0 ml. of red blood cells) and smaller 
volumes of extracting fluids are satisfactory. Reproducible 
and comparable estimates of the free protoporphyrin 
content of red blood cells may be obtained by following the 
procedure suggested, but no claim is made that such 
estimates represent the absolute concentration of free 
protoporphyrin. 

The blood, 15 ml., measured into a 50 ml. round-bottomed 
centrifuge tube, was spun, the plasma removed, and the 
red cells were triturated with a 4:1 (v/v) mixture of ethyl 
acetate and glacial acetic acid. Between each of the five or 
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six extractions the mixture was centrifuged and the super- 
natants were decanted through a Whatman no. 4 filter paper, 
previously wetted with 10 ml. of the extracting fluid. After 
the first decantation a second 10 ml. of the extracting fluid 
was passed through the filter paper; in all, 220 ml. of 
extracting fluid was used. The extract was washed with 3% 
(w/v) sodium acetate solution and three times with suc- 
cessive 44 ml. portions, and the porphyrins were extracted 
from the ethyl acetate solution into 10% HCl by five 
successive extractions, each of 10 ml. The filtered (Whatman 
no. 1) HCl extract was neutralized to Congo-red paper with 
saturated sodium acetate solution and extracted into ether 
by four extractions—10 ml. followed by three successive 
5 ml. portions. The use of ethyl acetate as an extractant at 
this stage, which is recommended by Schwartz & Wikoff 
(1952), was, in the hands of the author, unsatisfactory ; from 
pure solutions very poor recoveries of added proto- and 
especially of copro-porphyrin were obtained on re-extracting 
the porphyrins from ethyl acetate into small volumes of the 
appropriate concentrations of HCl. 

The ether extract was washed with water (2 ml.), and 
the coproporphyrin, together with some protoporphyrin, 
extracted into 0-1N-HCl, by nine successive extractions 
each of 0-5 ml. The 0-1 N-HCl extract was freed from proto- 
porphyrin by extraction with half of its volume of chloro- 
form, clarified by centrifuging, made up to volume, approx. 
7 ml., and the concentration of coproporphyrin determined 
from the optical density of the solution at a wavelength 
of 401-402 mz., in a Beckman model DU photoelectric 
quartz spectrophotometer. The optical densities of the 
extracts so obtained suggested the presence of copro- 
porphyrin; further purification, however, showed that 
little, if any, was present (see below). 

The fraction of protoporphyrin extracted by chloroform 
was discarded; that remaining in the ether phase was 
extracted into 25% HCl by seven successive extractions— 
two of 0-5 ml. and five of 0-3 ml. portions—made up to 
volume, approx. 6 ml., and the concentration of proto- 
porphyrin determined from the optical density of the 
solution at a wavelength of 410-412 muy. in the Beckman 
instrument. 

Centrifugings were carried out at temperatures below 5° in 
covered tubes. All manipulations were performed under 
electric light in a room in which the blinds were drawn, as 
porphyrin solutions tend to decompose when exposed to 
ultraviolet light. For all extractions the period of shaking 
was | min., for washings $ min., and at least 10 min. was 
allowed for the phases to part before separating. If several 
analyses were attempted, it was usually not feasible to 
complete them in one day. The procedure was then followed 
until extraction into 10% HCl had been effected and the 
analysis was completed on the following day. 

The number of extractions and the volumes specified were 
determined by extraction from pure solvents of known 
amounts of the pure porphyrins which had been added to 
them. The amounts were chosen to give, in the HCl extracts 
in which absorptions were measured, for coproporphyrin, 
5-50 wg./100 ml., and for protoporphyrin, 10-100 yg./ 
100 ml. With the procedure outlined, recoveries of proto- 
porphyrin added to pure solutions are of the order of 97- 
100%, provided that the ether phase is not extracted with 
0-1N-HCI; the recovery of protoporphyrin after extraction 
of coproporphyrin with 0-1N-HCI is of the order of 85%. 
The recovery of coproporphyrin added to pure solutions is 
close to 100%. 
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Standard solutions of coproporphyrin were prepared 
from the dimethyl ester of coproporphyrin III by hydro- 
lysis with HCl (Jope & O’Brien, 1945). 

Standard solutions of protoporphyrin were prepared by 
dissolving pure protoporphyrin—prepared by the method of 
Fischer & Piitzer (1926), and purified as described by 
Grinstein & Watson (1943)—in a small volume of 10% HCl 
containing one-third of its volume of acetic acid, and diluting 
to the required volume with 10% HCl. 

Porphyrin standards for determination of spectrophoto- 
metric absorption were diluted with ether-saturated HCl of 
the appropriate concentration (Schwartz et al. 1951). 

Washing of ether extract. During washing of the ether 
extract with water, coproporphyrin passes much more 
readily than protoporphyrin into the aqueous phase from 
pure solutions to which they have been added; about 
7% of each is removed by two and ten 2 ml. washings 
respectively. 

Extraction of protoporphyrin from ether by 0-1N-HCl. In 
the procedure adopted, nine extractions each with 0-5 ml. of 
0-1N-HCl remove from the ether phase approx. 15% of the 
protoporphyrin added to pure solutions. Conversion of 
protoporphyrin into haematoporphyrin may be responsible 
for a portion of this loss. 

Chloroform extraction of the 0-1N-HCl extract. In the 
estimation of coproporphyrin added to pure solutions, 
extraction of the 0-1 N-HCl extract with half of its volume of 
chloroform results in the loss of approx. 2-5 and 5% of 
coproporphyrin after one and two extractions respectively. 
In the presence of relatively large amounts of protopor- 
phyrin, however, and in extracts of blood, protoporphyrin is 
always predominant; one extraction with chloroform, while 
removing all but a small trace of protoporphyrin, results in 
an apparently complete recovery of coproporphyrin. 

Extraction of protoporphyrin from ether by 25% HCl. In 
more recent work 12-5 % (w/v) HCl has been used to extract 
protoporphyrin from the ether phase and it gave results 
identical with those obtained by extraction with 25% HCl, 
with the advantage that the 12-5% HCl dissolves less of the 
ether phase. 

Extracts of red blood cells. Vigorous trituration of the red 
cells is necessary in order to extract the porphyrins. 

When the extracts from blood cells are submitted to the 
procedures outlined above, a number of substances, chiefly 
haemin and certain unidentified substances that fluoresce 
blue-green, and which absorb strongly at 400-410 muz., are 
carried through to the final extracts. 

In an attempt to determine the extent of this interference, 
the ether extracts from a number of blood samples were 
subjected to a series of washings with water, and the optical 
densities of the aqueous solutions determined. A low and 
approximately constant ‘blank’ reading (optical density 
0-013) was obtained only after eight to ten washings. The 
optical densities of the washings were due to interfering 
impurities and not to porphyrins, because no red fluor- 
escence was detectable when they were submitted to electro- 
phoresis on paper (cf. section on coproporphyrin under 
Results). It was considered therefore that the amount of 
protoporphyrin extracted into 25% HCl (omitting previous 
extraction with 0-1N-HCl) after the ether phase had been 
subjected to ten 2 ml. washings with water would give a close 
approximation to the actual amount of protoporphyrin 
present in a free state in the blood cells, although in pure 
solutions of similar concentrations this number of washings 
would result in a loss of approx. 7% of the protoporphyrin. 
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The apparent concentrations of protoporphyrin obtained 
by following exactly the method of estimation outlined were 
found to be identical with those obtained when the extrac- 
tion with 0-1N-HCl was omitted and the ether phase sub- 
jected to ten washings with water, each of 2 ml., and are 
therefore a compromise between the amount of proto- 
porphyrin which was extracted by the 0-1N-HCl, and dis- 
carded, and the amount of interfering impurities which were 
carried into the 25% HCl extract. Application of the 
correction suggested by Rimington & Sveinsson (1950), 
however, indicated the presence of little, if any, impurity. 

It is obvious that the 0-1N-HCl extracts, even after 
extraction with chloroform, would contain a considerable 
quantity of substances which absorb in the ultraviolet, and 
as washing with water would remove a large proportion of 
the coproporphyrin, if present, as well as the impurities, the 
0-1 N-HCl extracts were further concentrated and examined 
by electrophoresis on paper to determine unequivocally if 
coproporphyrin were present and, if so, to indicate the 
order of its concentration. 

Separation of porphyrins by electrophoresis on paper. The 
paper employed, Whatman no. 4, was washed well with 2% 
(w/v) aqueous NH, rinsed thoroughly with distilled water, 
and dried before the porphyrin solution was applied. The 
transporting medium used for these separations was 0-1 N- 
NaOH, and the apparatus and technique were similar to 
those described by Foster (1952). 

Chloroform-treated 0-1N-HCl extracts of red cells, or of 
porphyrins which had been added to pure solutions to test 
the procedure, were prepared for electrophoresis as follows: 
a number of extracts (see below) were pooled, neutralized to 
Congo-red paper with saturated sodium acetate solution, 
extracted into ethyl acetate (two extractions of 4 and 3 ml. 
respectively) and the ethyl acetate extract was evaporated 
to dryness, in the dark, at room temperature, under reduced 
pressure in a desiccator containing P,O;, NaOH and paraffin 
wax. The residue was dissolved in 0-01-0-02 ml. of 0-1N- 
NaOH and applied to the paper. 

The coproporphyrin ion migrates towards the positive 
electrode when a potential difference is applied, and may 
thus be separated from protoporphyrin, which, under the 
conditions specified, either does not move or moves much 
more slowly 


RESULTS 


Free protoporphyrin in the red blood cells of 
normal and of vitamin By,-deficient sheep 


Analyses of the bloods of thirty-four animals, some 
single observations and some taken seriatim over a 
period of time from the same individuals—in all 
110 determinations—indicate that the concentra- 
tion of free protoporphyrin in the red blood cells of 
normal sheep is within the range 31—89 yg./100 ml., 
with an average value of approx. 50 ug./100 ml. of 
red blood cells. 

A series of estimations of the concentrations of 
free protoporphyrin in the red blood cells of sheep in 
various stages of vitamin B,, deficiency, and during 
the recovery period, was undertaken. As the 
syndrome of vitamin B,, deficiency developed and 
the animals became anaemic, the concentration of 
free protoporphyrin in the erythrocytes invariably 
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increased to levels that were from two to four times 
what might be considered the normal concentration 
for the particular animal. After appropriate treat- 
ment with vitamin B,, (or with cobalt per os) these 
high levels fell slowly, taking from 6 to 14 weeks to 
regain the normal concentration. In general, the 
concentration of free protoporphyrin in the erythro- 
cytes of vitamin B,,-deficient sheep was related 
reciprocally to the concentration of haemoglobin; 
the curves shown in Figs. 1 and 2 are typical of the 
results obtained. 

When the deficiency syndrome was allowed to 
proceed to its fatal termination, the concentration 
of free protoporphyrin in the erythrocytes rose, 
before death, to approximately ten times the normal 
figure. 

The abnormally high concentrations of free 
protoporphyrin were accompanied by normal to 
high concentrations of iron in the plasma; the 
average value for twenty-one normal sheep ex- 
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amined was close to 1-5yug. of Fe/ml. of plasma 
(range 0-85-2-7), the average value for the vitamin 
B,,-deficient animals was 1-8 yg. of Fe/ml. of plasma 
(range 1-1—2-7). 

Watson, Grinstein & Hawkinson (1944) have 
reported that the concentration of free proto- 
porphyrin in the erythrocytes of human subjects 
suffering from various types of blood dyscrasias 
increases on incubation under sterile conditions. 
Although it seemed unlikely that the relatively high 
concentrations of free protoporphyrin found in the 
red blood cells examined in this series were due 
to breakdown of haemoglobin, samples of whole 
blood from vitamin B,,-deficient sheep were taken 
aseptically and incubated at a temperature of 37° 
for periods of from 24 to 48 hr., a total of twenty- 
four samples being treated in this way; in no 
instance did the concentration of free protopor- 
phyrin in the erythrocytes increase during incuba- 
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Fig. 1. Effect of treatment with vitamin B,, (or cobalt per os) on the concentration of free protoporphyrin and on the oxygen- 
carrying capacity of the red blood cells (R.B.C.) of vitamin B,,-deficient sheep. At the beginning of the periods 
indicated, the animals, aged 15 months, had been on cobalt-deficient rations for 40 weeks; all had developed marked 
symptoms of vitamin B,, deficiency. Treatments: either 100 yg. of vitamin B,,/day (intramuscular) or 1 mg. of Co/day 
per os administered as a drench three times a week as indicated. (EP =erythrocyte protoporphyrin.) 
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Fig. 2. Effect of treatment with vitamin B,, , cobalt or pteroylglutamic acid (PGA) on the concentration of free protoporphyrin 
and on the oxygen-carrying capacity of the red blood cells (R.B.C.) of vitamin B,,-deficient sheep. (a) At the beginning 

of the period indicated, no. 001, aged 14 months, and no. 5009, aged 8 years, had been on cobalt-deficient rations for 


Treatments: no. 001, 50ug. of vitamin B,,/day (intramuscular) from day 22 


PROTOPORPHYRIN IN SHEEP ERYTHROCYTES 


200 


No. 1108, 


160 200 240 
Days 


225; 


no. 5009, 500 wg. of vitamin B,,/day per os from day 173. (b) At the beginning of the period, no. 1108, aged 11 months, 
had been on cobalt-deficient rations for 21 weeks. Treatment: 20 mg. of pteroylglutamic acid/day (intraperitoneal) 
for 1 week, 100g. of vitamin B,,/day (intramuscular) for 1 week, followed by 50 yg. of vitamin B,,/day (intra- 
muscular) from day 138. The effect of treatment with pteroylglutamic acid will be discussed elsewhere. 


Table 1. Constituents of the bloods of treated and copper-deficient sheep grazed on copper-deficient pastures 


Haemoglobin 
(vol. of O,/100 ml. 
of blood) 


Copper 
(ug./ml. of blood) 


Protoporphyrin 


(ug./100 ml. 
of red cells) 


Iron 
(ug./ml. of plasma) 


Group A (normal, copper-treated controls) 


Mean +S.£. 12-3+0-41 
No. of animals* (6) 
Range 10-8—14+3 


Mean -+s.£. 7-5+0-50 
No. of animalst 7) 
Range 5-7-9-6 


* Single analyses. 


Free protoporphyrin in the red blood cells of 
copper-deficient sheep 


This set of observations was obtained from blood 
samples withdrawn from sheep in an advanced state 
of copper deficiency (group C) and from their 
normal controls (group A), which received adequate 
copper. The concentrations of free protoporphyrin 
in the erythrocytes of the control animals (group A) 


30 


0-91+0-027 
(6) (6) (6) 
0-82-1-01 
Group C (copper-deficient) 
0-15+0-017 2 
(7) (7) (6) 
0-05-0-28 


3743-8 0-95 +0-043 


2445 0-85-1-12 


0-295 + 0-008 


171-4 22-6 


107-310 0-22-0-46 
+ Duplicate analyses. 


were eight within the normal range or lower than 
those usually found in normal sheep; the concentra- 
tions of iron in the plasma were normal. The concen- 
trations of free protoporphyrin in the erythrocytes 
of the anaemic, copper-deficient animals (group C) 
were high, the mean value being nearly five times that 
of the normal controls; the concentrations of iron in 
the plasma were low, the mean value being less than 
one-third of that of the control group (Table 1). 
Bioch. 1956, 63 
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Free protoporphyrin in the red blood cells of rabbits 


On repeating the experiments of Bénard et al. 
(1951), it was found that in the normal rabbit 
parenteral injection of either vitamin B,, or pteroyl- 
glutamic acid does not increase significantly the 
concentration of free protoporphyrin in the red 
blood cells (Table 2). 


Coproporphyrin in the red blood cells of sheep 


Repeated attempts to estimate coproporphyrin in 
the red blood cells of either normal or vitamin B,p»- 
deficient sheep failed to detect its presence. 

The absorption at 401 mu. of chloroform-treated 
0-1N-HCl extracts obtained by the method out- 
lined above indicated concentrations of copro- 
porphyrin of the order of 30 ng./100 ml. of red blood 
cells. This absorption, however, was, at least in 
part, due to substances other than coproporphyrin, 
as these solutions when exposed to ultraviolet light 
emitted a green fluorescence: no red fluorescence 
was detectable by eye. Because it was possible that 
the red fluorescence of coproporphyrin was being 
quenched by the green fluorescence arising from 
impurities, resort was made to detect the presence 
of coproporphyrin in these extracts by electro- 
phoresis on paper. 

A solution of coproporphyrin recovered by 
pooling the extracts from two assays, to each of 


Table 2. 
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which had been added 0-01 yg. of coproporphyrin 
and 3yg. of protoporphyrin as pure substances 
before the extraction procedure, was plainly visible 
by its red fluorescence under ultraviolet light after 
it had been spotted on to the paper. On electro- 
phoresis the coproporphyrin separated cleanly 
from this spot, leaving a small trace of residual 
protoporphyrin that had escaped extraction into 
chloroform. 

Coproporphyrin (0-01 y»g.), added directly to the 
red cells from each of two lots of 15 ml. of blood and 
subjected to the whole of the extraction and 
electrophoretic procedures, moved similarly under 
the applied potential and became visible when 
viewed under ultraviolet light, though the intensity 
of the fluorescence was less than that from the same 
amount of coproporphyrin extracted from pure 
solution (Fig. 3). 

Coproporphyrin could not be detected by this 
means in extracts made from the red cells of either 
normal or vitamin B,,-deficient sheep. On several 
occasions, the material from three analyses, repre- 
senting the extracts from 45 ml. of blood, was 
pooled and applied to the paper as one spot. 
Initially, when viewed under ultraviolet light, these 
spots fluoresced green with a brown discoloration at 
the centre. After electrophoresis for about an hour, 
the contaminating, green fluorescent material had 
moved towards the negative electrode, leaving a red 


Effect of injection of vitamin By or of pteroylglutamic acid on the concentration 


of free protoporphyrin in the red blood cells of the normal rabbit 


Haemoglobin 
(vol. O,/100 ml. 





Protoporphyrin 
(ug-/100 ml. 





Protoporphyrin 
(pg./100 ml. 


Haemoglobin 
(vol. O,/100 ml. 


Date of blood) of red cells) of blood) of red cells) 
Rabbit 1 Rabbit 2 
6. xi. 52 127 47 138 88 
11. xi. 52 _ 48 15-8 67 
13. xi. 52 13-1 40 13-9 77 
Mean 12-9 45 14-5 77 
17. xi. 52 20 yg. vitamin B,, intramuscularly 
18. xi. 52 12-4 40 13-1 83 
20. xi. 52 13-6 60 13-8 83 
24. xi. 52 14-4 59 12-7 69 
Mean 13-5 53 12-9 78 
s.p. of a mean of protoporphyrin concentration = 5-2 
Rabbit 3 Rabbit 4 
fa — \ aa 
6. xi. 52 14-1 81 12-4 73 
11. xi. 52 14-2 37 13-9 48 
13. xi. 52 14-5 51 13-4 49 
Mean 14-3 56 13-2 57 
17. xi. 52 15 mg. PGA subcutaneously 
18. xi. 52 13-6 49 14-6 71 
20. xi. 52 15-0 75 14-4 106 
24. xi. 52 14-7 49 16-0 49 
Mean 14-4 58 15-0 75 


s.p. of a mean of protoporphyrin concentration = 12-1 
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fluorescing material at the initial spot, together 
with the non-fluorescing brown material. The 
coproporphyrin, when and only when this had been 
added to the extract, began at this stage to move 
towards the positive electrode, being detectable 
under ultraviolet light as a red fluorescing streak 
not yet separated from the origin. As electro- 
phoresis proceeded, the coproporphyrin moved 
away from the initial spot and passed slowly, with 
some tailing, towards the positive electrode; the 
other red fluorescing material streaked out slightly 
but on no occasion was observed under these condi- 
tions to break away from the initial spot even after 
electrophoresis for 7 hr. The brown, non-fluorescent 
material moved towards the anode but more slowly 
than the coproporphyrin. At least the greater 
portion of the red fluorescence remaining near the 
starting line was probably due to the very small 
amounts of protoporphyrin which had escaped 
extraction into chloroform: it is possible, however, 
that other porphyrins were also present. The 
differences in the rate of movement of copropor- 
phyrin during electrophoresis may be explained by 
differential wetting of the paper by the transporting 
medium. Relatively large amounts of impurities 
from blood extracts were applied on to the 
dry paper, together with the porphyrins, and 
in some instances a considerable period of time 
elapsed before all of the spots were completely 
wet. 

That no appreciable amount of protoporphyrin 
was removed from the ether extracts of red blood 
cells by the exhaustive washings with water, which 
were found necessary if extraction with 0-1N-HCl 


was omitted, was proved by pooling the washings of 


the extracts of a number of blood samples and, after 
concentrating either by evaporation or extraction 
into ethyl acetate, subjecting to electrophoresis on 
paper. No red fluorescing spots were detectable 
after this procedure. 

It is clear that the methods in current use for the 
estimation of copro- and of free proto-porphyrin in 
red blood cells may lead to erroneous results, at 
least in sheep’s blood. Electrophoresis on paper 
provides a rapid and effective means of separating 
porphyrins from the interfering impurities found in 
blood extracts, and might be adapted to give a very 
good approximation of the amount of copropor- 
phyrin present in red blood cells. 

Comparison of the behaviour of extracts of red 
blood cells, with and without the addition of pure 
coproporphyrin prior to extraction and electro- 
phoresis on paper, led to the conclusion that the 
concentration of coproporphyrin in the blood of 
normal sheep is certainly less than 0-2 yg./100 ml. 
of red blood cells and in the vitamin B,,-deficient 
sheep certainly less than 0-3 pg./100 ml. of red blood 
cells. 


PROTOPORPHYRIN IN SHEEP ERYTHROCYTES 


Series A 


elf 
Pos. 


Series B 
iv Vv 


Fig. 3. Electrophoresis of porphyrins. Tracings of spots, 
revealed by red fluorescence when viewed under ultra- 
violet light, obtained after electrophoresis of porphyrin 
solutions on paper. The conditions prevailing for the runs 
illustrated were: at beginning, 700—-750v, 10-12 ma; at 
finish, 550-600v, 15 ma; duration 3-3}hr. Series A: 
pure solutions. (i) 0-1 wg. of protoporphyrin; remained on 
starting line. (ii) 0-02yg. of coproporphyrin; moved 
towards positive electrode under influence of applied 
voltage. (iii) 0-O2yg. of copro- +0-02yg. of proto- 
porphyrin; protoporphyrin remained on the starting line, 
coproporphyrin separated from the protoporphyrin. 
(iv) 0-02 ug. of coproporphyrin added, at end of extraction 
procedure, to the combined extracts of two ‘blank’ 
assays. (v) The combined final extracts of two mixtures of 
0-01 pg. of copro- +3 yg. of proto-porphyrin which had 
been submitted to the whole of the assay procedure. 
Series B: extracts from blood. (i) 0-01 yg. of copropor- 
phyrin; pure solution not submitted to extraction pro- 
cedure. (ii) Final extract from 30 ml. of blood which had 
been submitted to assay procedure; no coproporphyrin 
detectable. (iii) Final extract from 30 ml. of blood + 
coproporphyrin: 0-02 ug. of coproporphyrin added at end 
of extraction procedure; coproporphyrin easily detected. 
(iv) Final extract from 30 ml. of blood + coproporphyrin: 
0-01 pg. of coproporphyrin added to each of two assays of 
red blood cells after removal of plasma and just before 
the first addition of extracting fluid; coproporphyrin 
detectable on wet paper. (v) Final extract from 30 ml. 
of blood +coproporphyrin: 0-04 ug. of coproporphyrin 
added as in (iv); coproporphyrin easily detected. The 
hatched circles on the negative side of the starting line 
represent the green fluorescent spots which at times 
disappeared before completion of the run. 





30-2 
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DISCUSSION 


The results described in this paper suggest that, in 
the sheep, vitamin B,, is not implicated in any of 
the steps (cf. Lemberg, 1954) of protoporphyrin 
synthesis. In the erythrocytes of all the thirty-two 
experimental, vitamin B,,-deficient sheep examined, 
the concentration of free protoporphyrin was very 
considerably in excess of that of normal sheep— 
according to the severity of the deficiency from 1-6 
to 10 times the average normal concentration found 
in this series. In every instance the concentration 
of free protoporphyrin increased as the deficiency 
syndrome progressed; and in every instance the 
abnormally high concentration of protoporphyrin 
receded, more or less slowly, to the normal level 
when the physiological requirements of vitamin B,, 
were reinstated by appropriate treatment. In 
general, this decrease reflected the increase in the 
concentration of haemoglobin in the blood (Figs. 1 
and 2). Iron was not limiting in these circumstances, 
for in the plasma the concentration was’ either 
normal or higher than normal. A claim (Bénard 
et al. 1951) that the concentration of free proto- 
porphyrin in the red cells of normal rabbits is 
increased by injection of vitamin B,, or of pteroyl- 
glutamic acid was critically examined and not sub- 
stantiated (Table 2). 

The red cells of sheep that had developed a 
virtual iron-deficiency anaemia as a result of a 
dietary deficiency of copper were found also to 
contain abnormally high concentrations of free 
protoporphyrin, but in these circumstances the 
condition is associated with low concentrations of 
iron in the plasma (Table 1). These latter observa- 
tions are in agreement with those of other workers 
(Cartwright et al. 1946, 1948), who have found 
that iron-deficiency anaemias are almost invariably 
associated with high concentrations of free proto- 
porphyrin in the erythrocytes. 

An attempt was made to demonstrate the 
presence of coproporphyrin in the red blood cells of 
normal and of vitamin B,,-deficient sheep, for it 
became clear early in these studies that the an- 
alytical methods which are in current use and which 
depend ultimately on the absorptions at 400- 
401 mu. by solutions into which the coproporphyrin 
has been concentrated by a series of partitions 
between aqueous solutions and organic solvents are 
capable of yielding misleading information, at least 
for sheep’s blood. Electrophoresis on paper of 
extracts prepared as described above from the 
erythrocytes of normal and of vitamin B,,-deficient 
sheep indicated that little if any of the absorption 
was due to coproporphyrin. Comparison of the 


results obtained by electrophoresis of the extracts of 
blood cells and of the extracts of blood cells to 
which pure coproporphyrin had been added at the 
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first stage of the analytical procedure proved that in 
the red cells of normal sheep the concentration of 
coproporphyrin is certainly less than 0-2 ng./100 ml. 
of red blood ceils, and in the red cells of vitamin B,,- 
deficient sheep <0-3 vg./100 ml. of red blood cells, 
and suggested that the actual concentrations might 
be very considerably lower. 

The effect of vitamin B,, deficiency on the free 
protoporphyrin status of the red blood cells of 
sheep certainly differs from that in the human 
subject. Red blood cells from human subjects 
suffering from Addisonian pernicious anaemia 
were examined by the methods outlined above. The 
findings, which will be reported in detail elsewhere, 
confirm those of Watson (1950): coproporphyrin 
was detected in the red cells, and the concentration 
of free protoporphyrin increased during remission of 
the dyscrasia subsequent to treatment with vitamin 
Bis- 

It is probable that protoporphyrin is not a direct 
intermediate in haem formation (Dresel & Falk, 
1956); during its production, however, an excess of 
protoporphyrin seems always to appear as a by- 
product, and thus the increase in concentration of 
free protoporphyrin which occurs in the red cells of 
patients suffering from Addisonian pernicious 
anaemia after therapy with vitamin B,, may be 
merely the result of the general stimulation of 
haemopoiesis rather than a specific effect on the 
production of protoporphyrin. 


SUMMARY 


1. In normal sheep the concentration of free 
protoporphyrin in the red blood cells falls within the 
range 31-89,yg./100 ml. of red blood cells; the 
average of 110 determinations was close to 50 yg./ 
100 ml. of red blood cells. 

2. In vitamin B,,-deficient sheep the concentra- 
tion of free protoporphyrin in the red blood cells is 
invariably much higher than normal: it increases 
more or less steadily as the anaemia develops and 
may, in the terminal stages of the deficiency 
syndrome, reach concentrations up to 500,g./ 
100 ml. of red blood cells. During re-establishment 
of a normal vitamin B,. status, by appropriate 
treatment, these abnormally high concentrations 
gradually return to normal as the regeneration of 
haemoglobin proceeds. Concurrently with these 
high concentrations of free protoporphyrin in the 
erythrocytes, the concentrations of iron in the 
plasma are normal or higher than normal. 

3. The claim of Bénard et al. (1951) that the 
injection of either vitamin B,, or pteroylglutamic 
acid into the normal rabbit will bring about an 
increase in the concentration of free protoporphyrin 
in the red blood cells could not be confirmed. 

4. In copper-deficient sheep the concentration 
of free protoporphyrin in the red blood cells is 





} 
; 
, 
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much higher than normal: in the series of animals 


studied, concentrations ranging from 107 to 
310 pg./100 ml. of red blood cells with an average 
value of 170yg./100 ml. of red blood cells were 
observed. Concurrently with high concentrations of 
free protoporphyrin in the erythrocytes the con- 
centrations of iron in the plasma are abnormally 
low. 

5. Coproporphyrin was not detected in the red 
blood cells of either normal or vitamin B,,-deficient 
sheep. Electrophoresis on paper indicated that if 
coproporphyrin is present, the concentration is less 
than 0-2—0-3 yg./100 ml. of red blood cells. 
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In recent years structural diagnosis of the highly 
unsaturated fatty acids of natural origin has been 
facilitated by the increased use of spectral data, and 
by improvements in the methods of oxidative 
degradation due to Klenk & Bongard (1952). 
However, there is still considerable disagreement on 

* Part 4: Silk & Hahn (19545). 

t+ Marine Oils Research Fellow. 


the suitability of some of the experimental methods 
that have been used in the isolation of individual 
acids. Thus Farmer & van den Heuvel (1938) have 
criticized the use of conventional vacuum-distilla- 
tion techniques, and several authors have criticized 
the polybromide method on the grounds that 
structural alteration of such labile molecules can, 
and probably does, occur. Kolb & Brown (1955) 








470 


have pointed out that the usefulness of low-temper- 
ature fractional-crystallization procedures may be 
limited by mutual-solubility effects. 

The isolation of an eicosapentaenoic acid from 
South African pilchard oil (Sardina ocellata Jenyns) 
is now reported. The methods of separation used 
were similar to those described in earlier papers of 
this series (see Silk & Hahn, 19546) in which the 
mild techniques of lithium salt—acetone segregation, 
urea-complex fractionation and molecular distilla- 
tion were applied successively to prepare a concen- 
trate of the required fatty acid which was then 
isolated by reversed-phase partition chromato- 
graphy. After adapting existing oxidative and 
synthetic methods to small-scale use, the structure 
of the eicosapentaenoic acid was deduced to be 
the all cis form of eicosapenta-5:8:11:14:17-enoic 
acid. 

The presence of eicosapentaenoic acids in natural 
products has frequently been reported in the past. 
Klenk (1954) refers to the presence of eicosapenta- 
5:8:11:14:17-enoic acid in fish oil, but the subsequent 
paper promised by Klenk & Bongard has not yet 
appeared. Klenk & Dreike (1955) have claimed the 
presence of this acid in ox-liver lipid but they did 
not isolate it. Toyama & Tsuchiya (1935a) found an 
eicosapentaenoic acid in sardine oil, and later 
(19356) suggested that it was the 4:8:12:15:18- 
pentaene. Tutiya (1940) mentioned the presence of 
this acid in sardine oil, and Matsuda (1942) found it 
in bonito oil and supported the A**8*!2:15:18 structure 
with oxidative evidence. The presence of eicosa- 
pentaenoic acids has been reported by Baldwin & 
Parks (1943) in menhaden oil; by White & Brown 
(1948) in ox-adrenal lipids; by Tsuchiya & Kato 
(1950) in herring oil; by Shorland & Johannesson 
(1951) in butter fat; by Herb, Witnauer & Riemen- 
schneider (1951) in ox-adrenal lipid; by Tsuchiya & 
Okubo (1952) in fish-liver oil; by Toyama & Shimo- 
oka (1953), who give the alkali isomerization 
spectrum, in sardine oil; and by Abu-Nasr & 
Holman (1954), who determined some of the 
properties of the methyl ester, in cod-liver oil. 

The data which have been given for most of the 
acids mentioned above do not allow any decision as 
to their degree of purity to be reached. 


EXPERIMENTAL AND RESULTS 


Melting points are uncorrected. 

All unsaturated samples were stored at 4° in sealed 
vessels at 10-* mm. Hg pressure; they were exposed to the 
atmosphere for the minimum time during manipulations 
and were sealed again under vacuum immediately after use. 
Where possible, operations were carried out under nitrogen 
at low temperatures. Solvents were redistilled. Ultraviolet 
spectra were determined on a Beckman model DU quartz 
spectrophotometer and infrared spectra on a Perkin-Elmer 
model 21 double-beam infrared spectrophotometer. For the 
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experiments with linoleic acid a Unicam model SP. 500 and 
a modified Beckman model 2T were used for the ultraviolet 
and infrared spectra respectively. 


Isolation of the eicosapentaenoic acid 


Concentration of the eicosapentaenoic acid. The starting 
material was the ‘main-bulk residue’ of Silk & Hahn 
(19546, Table 1). Of this 38 g. was again subjected to three- 
stage molecular distillation to give the thirteen approxi- 
mately equal fractions shown in Table 1. 

Fraction 5, Table 1, absorbed 4-87 moles of hydrogen/ 
equiv. over Pd—BaSO, catalyst, and on reversed-phase 
chromatography (Silk & Hahn, 1954a) most of the hydro- 
genation product appeared in one large peak corresponding 
to Cy) saturated acid. 

Reversed-phase partition chromatography of fraction 5, 
Table 1. The conditions were similar to those described by 
Silk & Hahn (19546) apart from modifications which are 
mentioned below. 

About 0-4 g. of fraction 5 was taken up in methanol 
(6-5 ml.), 2 g. of kieselguhr—heptane mull was added and 
then water (3-5 ml.) slowly with agitation. The suspension 
was poured on to the top of a column (280 em. x 1-5 cm.) 
of non-wetting kieselguhr supporting n-heptane as the 
stationary phase (prepared by shaking 9 g. with 8 ml.), and 
aqueous methanol (65%, v/v) as the mobile phase. A few 
millilitres of washings were added and the chromatogram 
was developed as described under Fig. 1, which shows the 
graph obtained when measured samples from the column 
eluate were titrated with 0-01N methanolic KOH solution. 
A diagram of the system used to collect and titrate the 
eluate was given in Silk & Hahn (19545). 

The acids were recovered by diluting each fraction with an 
equal volume of water and extracting with pentane (see 
Silk & Hahn, 19546). In addition to the chromatogram 
shown in Fig. 1 three similar chromatograms were carried 
out later, and similar fractions, I, If and III, were isolated 
from each. Corresponding samples from different chromato- 
grams were not combined with each other but were assumed 
to be identical for experimental purposes. Altogether, about 
0-6 g. of fraction IT was isolated. 

Fraction I had equiv. wt. 281 and absorbed hydrogen 
equivalent to 4-15 double bonds/mol. 

Fraction III had equiv. wt. 333 and absorbed hydrogen 
equivalent to 5-32 double bonds/mol. 


Table 1. Molecular distillation of the 
unsaturated-acid concentrate 


Distillation temp. 


Fraction e) Equiv. wt. 
Preliminary 95-105 289 
1 132 287 
2 132 292 
3 132 298 
4 148 301 
5 148 299 
6 148 303 
7 148 305 
8 148 308 
9 168 316 
10 168 321 
11 168 333 
Residue — — 
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Fig. 1. Chromatogram of fraction 5, Table 1. Weight of sample, 422 mg. Column, heptane supported on non-wetting 


kieselguhr, 280cm. x 1-Scm. Temperature, 10°. Flow rate, 100 ml./hr. Solvent system: aqueous methanol 65% (v/v) 
to 1500 ml. of eluate, 68% (v/v) to 1600 ml., 72% (v/v) to 1700 ml., 76% (v/v) to 1800 ml., 78% (v/v) to 3500 ml. 
Solvents were equilibrated with n-heptane. Acetic acid (0-6 ml./l.) was added to the first solvent. Eluates between 
arrows were collected separately as fractions I, II and III. 


Properties and structure of the 
eicosapentaenoic acid 


General properties. The eicosapentaenoic acid recovered 
from fraction II was a clear, faintly yellow oil of m.p. — 54-4 
to —53-8°, refractive index n}? 1-4977. (Found: C, 79-3, 
H, 10-2%. No. of double bonds/mol., 5-03 (hydrogen up- 
take over Pd—BaSO,); equiv. wt., 303; iodine value, 412. 
CapH 90, requires C, 79-4; H, 10-0%. No. of double bonds/ 
mol., 5-00; equiv. wt., 302; iodine value, 420.) 

A Kuhn-Roth determination (Grant, 1951) gave the 
number of C-Me groups/mol. as 0-75. 

Hydrogenation product. Chain-length analysis of the 
above hydrogenation product (Silk & Hahn, 1954a) showed 
the presence of only Cy) saturated acid with possible traces of 
C.. acid. 

The unsaturated acid (67 mg.) was hydrogenated over 
Adams’s catalyst in ethanol. The product was filtered, 
extracted with pentane, crystallized once from pentane at 

- 80° and dried under vacuum. It then had equiv. wt., 315, 
m.p., 74:8-75-0°, compared with equiv. wt., 312, m.p., 
75-35° for n-eicosanoic acid (Francis & Piper, 1939). Mixed 
with synthetic n-eicosanoic acid (m.p., 75-0-75-3°), it had 
m.p., 74-8-75-1°. 

The X-ray long spacing of the product was 43-74 com- 
pared to 43-64 for synthetic n-eicosanoic acid. A value of 
44-15 is given by Francis & Piper (1939) for the C modifica- 
tion of n-eicosanoic acid. 

The infrared spectrum of the hydrogenation product in 
CS, was identical with that of n-eicosanoic acid. 

Oxidation products. The unsaturated acid (80 mg.) was 
ozonized as described below for nonadecadienoic ester, 
except that no acetic anhydride was present. After decom- 
posing with H,O,, KOH and HCl as below, the ether extract 
of the dicarboxylic acid residue proved to be completely 
soluble in water. Malonic and glutaric acids were identified 
by paper chromatography as described below. There was no 
trace of either oxalic acid or succinic acid. 
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Fig. 2. Ultraviolet spectra of fatty acids in the region 
200-240 my. HH,, heptadeca-2-enoic acid from Lauer, 
Gensler & Miller (1941). 4A,, Methyl arachidonate from 
Rusoff, Platt, Klevens & Burr (1945) and Barnes, Rusoff, 
Miller & Burr (1944). EE,, Eicosapentaenoic acid isolated 
from pilchard oil. 
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Since no monocarboxylic acids could be isolated from the 
ozonolysis products, the unsaturated acid (20 mg.) was 
oxidized with CrO, under the conditions described by 
Eisenbraun, McElvain & Aycock (1954) and the steam 
distillate concentrated to small volume. Paper chromato- 
grams showed that the only volatile oxidation products 
were acetic and propionic acids. 

Ultraviolet absorption. Apart from an inflexion at 232 mu. 
corresponding to 0-5% autoxidation (Silk & Hahn, 19546) 
the eicosapentaenoic acid showed no absorption in the 
220-300 mu. region. The spectrum is given in Figs. 2 and 3. 
It can be seen from Fig. 2 that absorption in the 210- 
220 mu. region is closely similar to that shown by methyl 
arachidonate. 

Alkali isomerization. The eicosapentaenoic acid (5-4 mg.) 
was heated at 180° under nitrogen in a 21 % (w/v) solution of 
KOH in glycol for 8-5 min. (see Herb & Riemenschneider, 
1952; Hammond & Lundberg, 1953). The absorption 
spectrum is shown in Fig. 3. 

Infrared absorption. The spectrum shown in Fig. 4 
was taken in CS, solution (2:06%, w/w) except from 
1650 to 1320 cm.-!, where CCl, solution (1-67%, w/w) 
was used. 


cm. 


Specific extinction (61% ) 
= YY Ww w a 
ERERS 





220 240 260 280 300 320 340 360 
A(mp.) 


Fig. 3. Ultraviolet absorption of eicosapentaenoic acid 
before (broken line) and after (continuous line) alkali 
isomerization. For details see text. 
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Synthesis and degradation of heneicosapentaenoic acid. The 
eicosapentaenoic acid (55 mg.) was used to prepare the 
methyl ester (39 mg.) of its higher homologue in the same 
way as described below for methyl nonadecadienoate. The 
product was ozonized and the non-volatile fragments were 
chromatographed on paper. Only malonic and adipic acids 
were detected. 


Model synthetic and degradative experiments 
with linoleic acid 


Synthesis of methyl nonadecadi-10:13-enoate. Debromina- 
tion linoleic acid (197 mg.) was mixed with oxaly]l chloride 
(2-3 g.) at — 20° in an evacuated flask. This was occasionally 
swirled during a period of 48 hr. at 4°. Excess of oxalyl 
chloride was then removed under vacuum at room temper- 
ature. The product was taken up in a few millilitres of dry 
ether and added slowly with swirling to a large excess of 
diazomethane (prepared from 0-6 g. of nitrosomethylurea) 
in dry ether (20 ml.) at —80°. The mixture stood under 
nitrogen at 0° for 2 hr. The ether and excess diazomethane 
were removed under vacuum and the product was taken up 
in dry methanol (3 ml.) and dry ether (2 ml.). To this, silver 
benzoate (50 mg.) dissolved in dry triethylamine (0-5 ml.) 
was slowly added dropwise with agitation (see Newman & 
Beal, 1950). The dark suspension was allowed to stand for 
2hr. under nitrogen at room temperature. Some of the 
solvent was then removed under vacuum and the residual 
solution taken up in pentane (50 ml.) and washed twice with 
35 ml. of 3N-HCl, twice with 35 ml. of n-KOH and three 
times with 50 ml. of water. The pentane was removed 
under vacuum, the residue taken up in methanol (1-2 ml.) 
and allowed to percolate through a column of charcoal 
(2cm. x0-6cm.) supported on a layer of non-wetting 
kieselguhr. Evaporation of the eluate under vacuum gave 
a clear colourless oil (117 mg.) which was stored in a desic- 
cator for a few days at 0-5 mm. Hg pressure, during which 
time samples were being removed. 

The infrared spectrum of this compound in CS, was 
almost identical with that of the methy] ester of the original 
linoleic acid. The extinction coefficients at 968 cm.—! showed 
that the proportion of trans unsaturation was the same, 
namely 4% of the total double bonds (Swern, Knight, 
Shreve & Heether, 1950). The ultraviolet spectrum was 
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Fig. 4. Infrared absorption of eicosapentaenoic acid. For details see text. 
The small band at 1520 cm.-! may be due to traces of CS,. 
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determined after all samples used for other purposes had 
been removed, and the extent of autoxidation was calcu- 
lated as the molar percentage of conjugated methyl linoleate 
hydroperoxide in methyl linoleate, which would have the 
same molecular extinction coefficient (¢) at 232 my. On this 
basis the compound showed 1-5% autoxidation compared 
with 0-4 % in the starting material. 

When the compound was catalytically hydrogenated over 
Pd-BaSQ, in acetic acid it absorbed 2-01 moles of hydrogen/ 
mol. (assuming Cy9H;,0,). After saponification the hydro- 
genation product had equiv. wt. 302, m.p. 67-4-67-7° com- 
pared with equiv. wt. 298, m.p. 68-65° for nonadecanoic acid 
(Francis & Piper, 1939). 

An earlier synthesis of methyl nonadecadi-10:13-enoate 
is described by Karrer & Koenig (1943). 

Ozonolysis of methyl nonadecadi-10:13-enoate. Some of 
this product (54 mg.) was taken up in dry ethyl acetate 
(5 ml.) and acetic anhydride (1 ml.) and cooled to -—80°. 
A faint blue colour appeared when 3 % ozonized oxygen was 
passed through the solution for 7 min. at 60 ml./min. A 
stream of nitrogen was then blown through the solution for 
30 sec. Hydrogen peroxide (1 ml. of ‘130 vol.’) and acetic 
anhydride (1 ml.) were added to the solution with shaking, 
together with a few millilitres of acetone to prevent two 
phases forming. The solution stood for 4 hr. at 30°, then 
overnight at 4°, after which it was heated in boiling water for 
a minute or two. The solvents were evaporated under 
vacuum until a colourless oil remained. This latter was 
heated on a water bath with 50% (w/v) KOH solution 
(2 ml.) for a few minutes, excess of concentrated HCl was 
added and the product vacuum-distilled to dryness. The 
distillate was collected, extracted with pentane and the 
latter solution washed twice with water. Evaporation of the 
pentane under vacuum gave a few drops of two immiscible 
colourless liquids (product A). The residue from the distilla- 
tion was extracted several times with ether by decantation 
(15 ml. in all) and the extract itself evaporated to dryness 
and extracted twice with water (6 ml. inall). In this way the 
ozonolysis products were separated into fractions: A, 
volatile, pentane-soluble; B, 10-6 mg.; non-volatile, ether- 
soluble, water-soluble; C, 21-9 mg.; non-volatile, ether- 
soluble, water-insoluble. C was crystallized from boiling 
water and identified by its m.p. (131-0-131-8°) and mixed 
m.p. (131-0-132-6°) with a sample of sebacic acid (m.p., 
131-8-132-6°). 

Paper chromatography of short-chain acids. Systems (a) 
and (c) below are based on the methods of Lindquist & 
Stérgards (1953) and of Isherwood & Hanes (1953). System 
(b) was suggested by Dr C. F. Garbers (private communica- 
tion, see Cohn, Vis & Karrer, 1954). 

(a) C,-C, monocarboxylic acids were identified by de- 
scending development with saturated aqueous butanol for 
10 hr. The acids were applied as their ethylamine salts and 
0-025N aqueous ethylamine was present in the developing 
tank. Papers were dried in a slow current of air for 1 hr., then 
sprayed with 0-26% bromocresol green indicator in 50% 
(v/v) ethanol—butanol solution. 

(b) C.-C, dicarboxylic acids were developed (ascending 
method) for 3 hr. with a solution containing chloroform 
(25 ml.), formic acid (4 ml.), water (1 ml.) and acetone 
(9ml.). Papers were dried as above for 4-24hr., and 
sprayed with the same indicator to which just enough NaOH 
solution had been added to give the full alkaline colour. 

(c) C,-Cyp dicarboxylic acids were developed (descending 
method) with propanol-concentrated ammonia solution 
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(60:40, v/v). After drying for 1 hr. the papers were sprayed 
with the indicator as in (a) but spots had to be marked 
immediately because of fading. 

The ozonolysis products A, B and C were chromato- 
graphed in these systems. A contained only caproie acid 
with a trace of acetic acid, B contained malonic acid, and C 
contained only sebacic acid. The identification of C, and 
higher acids was not possible in B because of trailing near the 
solvent front. 

The linoleic acid used in the synthesis described above 
was also ozonized and caproic, malonic and azelaic acids 
were identified in the products. 


DISCUSSION 


It is impossible to state with certainty the per- 
centage purity of the n-eicosapentaenoic acid 
obtained. Possible contaminants are closely related 
analogues with analytical characteristics not 
markedly different from those of n-eicosapentaenoic 
acid. Further, it is conceivable that a contaminant 
having analytical characteristics which differ in one 
direction may be counterbalanced by a second 
contaminant which differs in another. Thus the 
fact that the elementary analysis, equivalent 
weight and hydrogen uptake are within the accepted 
limits does not enable one to decide the purity of the 
specimen. 

The melting-point range of the acid was 0-6°. The 
hydrogenated counterpart, once recrystallized 
from pentane at — 80°, began to melt 0-5° below the 
upper limit of melting point of our authentic 
specimen of n-eicosanoic acid, and this point co- 
incided with the literature value; a mixed melting 
point gave no depression. The X-ray long spacing 
gave 43-7 A, in agreement with the result (43-6 A) on 
our authentic acid; Francis & Piper (1939) recorded 
44-154. A reversed-phase chromatogram of the 
hydrogenated acid showed that octadecanoic acid 
was absent and that, if any docosanoic acid was 
present, then it was less than five per cent of the 
whole. 

The chromatogram of the molecular distillate 
showed three distinct peaks of which the first and 
the second were well separated, whereas the third 
appreciably overlapped the tail of the second. In 
order to eliminate as much as possible of the third 
peak the material was chosen from the front portion 
of the second peak. The chromatographic curve does 
not enable one to assess the purity of any chosen 
fraction since different components may overlap so 
closely as to be incompletely resolved. More infor- 
mation as to the identity of the constituents of the 
other two peaks and of the way in which the acids 
present behave on reversed-phase columns should 
enable chromatographic curves to be used for the 
assessment of purity. Such a state of knowledge 
will obviously only be reached when the whole series 
of acids has been much more exhaustively studied. 
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The results relative to the purity of the n- 
eicosapentaenoic acid are probably more complete 
than so far exist for any other similar acid from 
natural sources. Nevertheless, the possibility that 
the n-eicosapentaenoic acid is a mixture of double- 
bond isomers still exists and is not easy to dispose of. 
The degradative evidence given below is consistent 
with the assumption that this is not the case, but 
small amounts of compounds other than the main 
one would not be detected. 

The unsaturated acid contains no acetylenic 
linkage since its iodine value and hydrogen uptake 
correspond. The acid therefore has five double 
bonds, and these are not conjugated with each other 
or with the carboxyl group because the ultraviolet 
spectrum exhibits no bands and shows much less 
absorption below 240 my. than does n-heptadec-2- 
enoic acid. 

The double bonds are all cs since there is no band 
in the infrared at 968 cm.—! (Fig. 4); there is no 
terminal unsaturation since no bands exist at 968 
and 990 em.-1 (CH,:CH.) or at 330 em.-! (CHiC.) 
(see Bellamy, 1954). There is no distinct band at 
1379 cm.—! characteristic of a CH,. group, but this 
may not have appeared because of the very broad 
absorption which stretches from 1370 to 1500 cem.-}. 

Oxidation of the acid with chromium trioxide 
under the conditions described by Eisenbraun et al. 
(1954) yielded propionic and acetic acids as the 
volatile products; these were identified by paper 
chromatography. Presumably the acetic acid arose 
from further oxidation of the propionic acid. 
Ozonolysis yielded glutaric and malonic acids as the 
only identified dicarboxylic acids, whereas oxalic 
and succinic acids were absent. The acid could thus 
have any of the structures (I-V): 


CH,.CH,.[CH:CH .CH,], .[CH,],.CO,H (I) 
CH,.CH,.[CH:CH.CH,],.[CH,],.CH:CH.CH,.CO,H (ID) 
CH,.CH,.[CH:CH .CH,],.[CH,],-[CH:CH .CH,],.CO,H (III) 
CH,.CH,.[CH:CH .CH,],.[CH,],.[CH:CH .CH,],.CO,H (IV) 
CH,.CH,.CH:CH.[CH,],.[CH:CH.CH,],.CO,H — (V) 


In choosing between these structures it is neces- 
sary to know whether the original carboxyl group 
appears as one of the carboxyl groups of the 
glutaric acid or not. The commonly used method of 
deciding this point is to mark the position of the 
original carboxyl group by esterifying it, and then 
to identify the half-ester formed after oxidation. 
However, the ease with which hydrolysis can occur 
during the manipulations involved led us to explore 
the possibility of attaching a non-removable group. 
Thus linoleic acid was converted by an Arndt— 
Eistert synthesis into methyl nonadecadi-10:13- 
enoate, which, on ozonolysis and hydrolysis, gave a 
high yield of sebacic acid together with caproic 
(hexanoic) and malonic acids. Repetition of the 


Arndt—Eistert synthesis on the n-eicosapentaenoic 
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acid, followed by ozonolysis, gave adipic and 
malonic acids but no succinic acid or glutaric acid; 
the structure is thus (I) (all cis-n-eicosapenta- 
§:8:11:14:17-enoic acid). 

Alkali isomerization of the n-eicosapentaenoic 
acid gave ultraviolet absorption bands correspond- 
ing to conjugated pentaene, tetraene, triene and 
diene. This behaviour is typical of compounds 
containing the group 


.CH:CH.CH,.[CH:CH.CH,],.CH:CH. 


and is further confirmatory evidence for structure 
(I). According to Farmer (1942) double bonds 
separated by more than one methylene group do 
not move into conjugation under the usual alkali- 
isomerization conditions. We have checked Farmer’s 
(1942) experiment (with squalene) and confirmed 
this, but it is obviously desirable that model singly 
and doubly methylene-interrupted polyenes not 
having branch methyl groups should be examined. 
Conjugated diene was formed in greatest amount, 
followed by triene, tetraene and pentaene in that 
order. Several authors have obtained much higher 
proportions of conjugated tetraenes and pentaenes 
(Herb et al. 1951; Toyama & Shimo-oka, 1953; 
Hammond, 1953) by alkali-isomerizing pentaene 
acids from other natural sources. This matter 
obviously needs further investigation. 


SUMMARY 


1. cis-Eicosapenta-5:8:11:14:17-enoic acid has 
been isolated from South African pilchard oil by 
the techniques of lithium salt—acetone segregation, 
urea-complex fractionation, molecular distillation 
and reversed-phase partition chromatography. 
Some of the properties of this acid have been 
determined. 

2. The position of the double bond nearest to the 
carboxyl group has been unambiguously deter- 
mined by using an Arndt—Eistert synthesis in 
combination with a method of ozonolytic degrada- 
tion. This procedure is probably of wide applic- 
ability. 

3. The degree of purity of the acid has been 
critically considered. 
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Inhibition of the Respiration of Trypanosoma rhodesiense by Thiols 


By J. D. FULTON anp D. F. SPOONER 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 3 January 1956) 


During an investigation of the action of sulphydryl 
inhibitors and reversal agents on a normal and 
drug-resistant strain of Trypanosoma rhodesiense it 
was found that low concentrations of certain thiols 
markedly inhibited trypanosome respiration. This 
result was unexpected in view of the earlier work of 
Voegtlin, Dyer & Leonard (1923), who found that 
cysteine and glutathione added in vitro in relatively 
high concentrations protected trypanosomes against 
arsenicals without exerting a toxic effect per se 
when motility was used as a criterion. In a similar 
type of study Chen & Geiling (1948) found that 
cysteine did not affect the glycolytic rate of T. 
equiperdum in vitro, and Brand, Tobie & Mehlman 
(1950) did not report an inhibition of trypanosome 
respiration by the sulphydryl compounds which 
they employed as protective agents against 
arsenicals. 


However, in contrast, Strangeways (1937) ob- 
served that the motility of T. equiperdum was 
markedly inhibited when glutathione was added to 
the medium of Yorke, Adams & Murgatroyd (1929) 
in which the trypanosomes were maintained in 
vitro. This worker found that catalase abolished the 
inhibition and therefore concluded that it was 
caused by hydrogen peroxide. 

We have shown that the respiratory inhibition of 
T. rhodesiense which we have observed is caused 
mainly by peroxide formed during the aerobic 
oxidation of the thiols employed. 


MATERIALS AND METHODS 


Biological. The strain of 7. rhodesiense was isolated in 
1923 from a patient with sleeping sickness and has sub- 
sequently been maintained by blood passage in mice. 
Suspensions of trypanosomes were obtained by bleeding 
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Table 1. Effect of various thiols on the respiration of 'T. rhodesiense 





Each flask contained 3 ml. of trypanosome suspension, and 0-5 ml. of the appropriate thiol at a concentration of 
7 x 10-*M in buffered saline was tipped in from the side arm after equilibration. Respiration was measured for 45 min. 


at 38°. 


BAL Cysteine Glutathione _Penicillamine 
No. of experiments 5 6 22 6 
Mean percentage inhibition 59-0 36-4 59-8 57-0 
Range 54-63 15-54 8-77 34-65 
Standard deviation 3-8 11-5 17-7 15-5 


heavily infected rats by cardiac puncture under anaesthesia. 
The blood was then centrifuged at 2500 rev./min. (750 g) for 
10 min. at room temperature. The supernatant was dis- 
carded and the white layer of organisms removed by Pasteur 
pipette and resuspended in a medium composed of 1 part of 
horse serum with 9 parts of phosphate-saline containing 
NaCl, KCl, MgSO, (Krebs & Eggleston, 1940) and 0-4% 
glucose. The suspension was then recentrifuged for 5 min. 
on a small centrifuge at 3000 rev./min. (650g). Finally the 
washed trypanosomes were suspended in fresh medium in 
a graduated tube (0-6 em. x 10 cm.) and again centrifuged 
for 5 min. at 650g. Standard suspensions were made by 
adding 0-1 ml. of packed trypanosomes from the middle of 
the column resulting from centrifuging to each 15 ml. of 
medium. By this means the presence of blood cells was 
avoided and the number of trypanosomes kept reasonably 
constant. Approximately 0-3 x 108 organisms, representing 
a dry weight of about 0-3 mg., were present per millilitre. 

Chemical. Pure commercial samples of glutathione and 
cysteine (Light and Co. Ltd.) were used throughout the 
work, and 2:3-dimercaptopropanol (BAL) was obtained 
from the Standards Division of this Institute. Penicillamine 
(B8-dimethyleysteine) was a synthetic sample. All solu- 
tions were made immediately before use. Sodium pyruvate 
of 99% purity was prepared by the method of Lipmann 
(1944). Pure catalase in solution was used at a final concen- 
tration of 5 x 10-®M. 

Peroxide was estimated by modifying the colorimetric 
test of Fuller & Maxted (1939). A portion (3 ml.) of the 
peroxide solution to be estimated was added to 3 ml. of 
0-1m phthalate buffer. Also, 0-1 ml. of 1% o-tolidine (w/v) 
in 50% ethanol and 0-05 ml. of peroxidase solution 
(0-3 x 10-4m) were added. The density of the blue colour 
which develops and which is stable for about 1 min. was 
determined with the Biochem Absorptiometer fitted with 
ared filter (Chance OR2, >640mu.). Over the range 0-009- 
0-09 pmole/ml. of hydrogen peroxide the colour obeyed 
Beer’s law and a calibration curve was constructed. Gluta- 
thione was estimated iodometrically by the method of 
Woodward & Fry (1932), pyruvate by the method of 
Goodwin & Williams (1952) and catalase in trypanosomes 
by the iodometric method described by Sumner & Somers 
( 1943). The presence of keto acids was detected chromato- 
graphically (Altmann, Crook & Datta, 1951) after extraction 
from the medium by the method of Cavallini & Frontali 
(1954). When anaerobic conditions were employed conical 
flasks fitted with ground-glass joints and taps and containing 
the trypanosome suspensions were flushed for 15 min. with 
nitrogen freed from oxygen by the method described by 
Fieser & Fieser (1944); in this method the gas is passed 
through a solution of sodium anthraquinone-f-sulphonate 
in the presence of sodium dithionite and then washed in a 
saturated solution of lead acetate. 


Table 2. Oxygen uptake by thiols in normal medium 
and in that in which trypanosomes had been incu- 
bated 


Each flask contained 3 ml. of normal medium or that in 
which trypanosomes had been shaken for 30 min. at 38° 
before removal by centrifuging. Addition from the side 
arm was made at zero time of 0-5 ml. of 7 x 10-* thiol in 
buffered saline. Duration of experiment, 45 min. at 38°. 
Mean of three experiments. 


O, uptake (1./45 min.) 





x 
Medium in which 


Normal trypanosomes had 
Thiol medium been incubated 
BAL 23 35 
Cysteine 22 26 
Glutathione 16 26 
Penicillamine 8 12 


Manometric. Standard Warburg flasks of approximately 
20 ml. were used for measuring gas exchanges at 38°. 
Standard trypanosome suspension (3 ml.) was present in the 
body of the flask, 0-2 ml. of 20% KOH in the centre well, and 
0-5 ml. of reagents was added when required from the side 
arm. The gas phase in all manometric experiments was air 
and the oxygen uptake of the trypanosomes was linear over 
the experimental period of 45 min. 


RESULTS 
Inhibition of trypanosome respiration by thiols 


When studying the reversal by 10-*m glutathione of 
the inhibition of trypanosome respiration caused 
by 10-*m mapharside it was found that the thiol 
alone frequently caused a greater inhibition than 
the arsenical. Cysteine, BAL and _ penicillamine 
were found to behave similarly. The magnitude 
of the inhibition produced by each is shown in 
Table 1. 

The respiratory values in this table are uncor- 
rected for the simultaneous uptake of oxygen by the 
thiols because it was found, as shown in Table 2, 
that the presence of medium in which the trypano- 
somes had been shaken before being removed by 
centrifuging increases this oxygen consumption 
and therefore no real control is possible. The oxygen 
consumption of normal medium or of that in which 
the trypanosomes were shaken was negligible. 
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Effect of anaerobiosis 


At the end of the respiratory experiments the 
motility of trypanosomes shaken with the thiols was 
reduced to an extent roughly comparable with the 
degree of respiratory inhibition. However, when the 
parasites were left in contact with the thiols at 38° 
without shaking, their motility was but little 
impaired, indicating that the inhibitory action of 
the -SH compounds was connected with their 
aerobic oxidation. This view was confirmed by the 
following experiments. Two equal samples of a 
standard suspension of trypanosomes were shaken 
for 30 min. with 10-*m thiol under aerobic and 
anaerobic conditions, respectively, at 38°. The 
suspensions were cooled in ice, and the trypano- 
somes centrifuged down as quickly as possible and 
resuspended in the same volume of fresh medium. 
The respiratory rate and motility of the different 
preparations were then compared. The mean results 
of three concordant experiments are shown in 
Table 3. 

Shaking trypanosomes in the presence of thiols 
aerobically caused a decrease in the rate of oxygen 
uptake which was not reversed by resuspending the 
organisms in fresh medium. After anaerobic pre- 
treatment, however, the subsequent respiratory 
inhibition was only 6 and 4 % in the case of cysteine 


Table 3. Effect of pre-incubation with 10-*M thiols, 
aerobically and anaerobically, on the respiration of 
T. rhodesiense 


Identical suspensions of trypanosomes were shaken for 
30 min. at 38° with and without thiol under aerobic and 
anaerobic conditions. The suspensions were then cooled in 
ice and the trypanosomes rapidly centrifuged and re- 
suspended in fresh medium. The oxygen uptake of 3 ml. of 
each suspension was then measured. 

O, uptake (l./45 min.) 





After anaerobic 
pre-incubation 


After aerobic 
pre-incubation 





f . mh ct = 
Thiol Thiol No thiol Thiol No thiol 
BAL 125 146 63 153 
Cysteine 129 137 79 154 
Glutathione 147 153 79 161 


Penicillamine 119 146 55 157 
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and glutathione, respectively ; under similar condi- 
tions BAL and penicillamine caused a reduction of 
oxygen uptake of 14 and 18%, respectively. This 
suggested that the reduced forms of the latter 
thiols were slightly toxic per se, although the possi- 
bility cannot be excluded that some damage 
occurred to trypanosomes as a result of the oxida- 
tion of thiols during the subsequent manipulations 
in air. 

When the thiols in solution were allowed to 
oxidize in air until the nitroprusside test was 
negative, the products, either in solution or sus- 
pension at a final concentration of 10-*m, did not 
cause inhibition of respiration. 


Effect of catalase 


These results suggested that a product of oxida- 
tion was responsible for the respiratory inhibition 
and supported the finding of Strangeways (1937) 
that hydrogen peroxide was involved in the inhibi- 
tion of trypanosomes by glutathione. The effect of 
catalase on the inhibition produced by thiols was 
therefore tested as shown in Table 4. 

The respiratory inhibition by BAL was apparently 
reduced when catalase was present and completely 
prevented in the other thiols. Boiled catalase failed 
to prevent the inhibition of respiration. 

The addition of catalase to trypanosomes in the 
presence of thiols results in a slightly higher oxygen 
uptake than that of the control suspensions of 
trypanosomes without thiols. This increase appeared 
to be due to the oxygen used for oxidation of the 
thiols, the respiration of trypanosomes now being 
unimpaired since peroxide had been destroyed by 
catalase. The higher oxygen uptake of the trypano- 
somes in the presence of thiol when catalase was 
added was proved to be due to prevention of 
respiratory inhibition in the following experiment. 
Catalase in a final concentration of 5 x 10-$m was 
added to 10-*m glutathione in medium in which 
trypanosomes had been incubated for 30 min. 
before removal by centrifuging. No increase in 
oxygen uptake resulted beyond that due to oxida- 
tion of thiol. This indicated that catalase in the 
earlier experiments with trypanosomes in the 
system was preventing inhibition of trypanosome 
respiration caused by thiols rather than promoting 


Table 4. Effect of catalase (5 x 10-8m) on the inhibition of T. rhodesiense respiration by thiols 


O, uptake (yl./45 min.) 





Cc 


: 
Trypanosome 


Thiol suspension 
BAL 184 
Cysteine 152 
Glutathione 151 


Penicillamine 162 


Trypanosome ‘Trypanosome Trypanosome 
suspension + suspension + suspension + 
catalase thiol (10-*m) thiol + catalase 
184 84 112 
154 84 156 
156 45 166 
160 81 179 
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other reactions involving oxygen uptake. Per- 
oxidase in a concentration of 0-3 x 10-*m was also 
able to prevent the inhibition caused by glutathione. 
Proom, Woiwod, Barnes & Orbell (1950) found that 
manganese dioxide destroyed peroxide formed in 
nutrient medium, thus preventing inhibition of 
growth of Shigella dysenteriae. However, 0-1% 
manganese dioxide, previously washed in Krebs 
saline, did not prevent inhibition of trypanosome 
respiration by 10-°m glutathione. Palladized 
charcoal (Mozingo, 1946) and Raney nickel 
(Mozingo, 1941), under the same conditions, also 
failed to prevent respiratory inhibition, although 
none of these substances themselves caused in- 
hibition. 


Peroxide formation during thiol oxidation 


The test for peroxide of Fuller & Maxted (1939) 
was used to determine whether peroxide was 
formed as a result of trypanosome metabolism in 
the presence of added thiols or directly from the 
aerobic oxidation of thiols. The amounts of peroxide 
detected when thiols were shaken in the Warburg 
apparatus in air at a concentration of 10-*m are 
shown in Table 5. 

The results given establish that peroxide forma- 
tion occurs under the conditions described with all 
four thiols. It also occurred to a lesser extent when 
thiols were shaken with buffered saline alone. The 
observed rate of production varies widely from one 
thiol to another. However, it is not certain that the 
values shown accurately represent the amount of 
peroxide formed, for we observed that the presence 
of much unoxidized thiol interferes with the pro- 
duction of colour. Randall (1946) has pointed out 
that peroxidase (which is used in the estimation) 
catalyses the oxidation of reduced thiols by per- 
oxide, and that reduced thiols can decolorize the 
product formed in the peroxide test. 

Webb & van Heyningen (1947) have observed 
that BAL inhibits catalase in a concentration four 
times that which we have employed. However, 
when BAL was added to medium containing 
5x10-8m catalase and shaken in flasks at 38° 
peroxide could not be detected, although it was 
detectable in relatively large amounts in the absence 
of catalase: This suggests that the failure of catalase 
to prevent completely the inhibition of trypanosome 
respiration by BAL, as shown in Table 4, is due to 
the fact that BAL itself is toxic in some degree and 
not to the inactivation of catalase by this thiol. 


Inhibition of trypanosome respiration 
by hydrogen peroxide 


The effectiveness of hydrogen peroxide as an 
inhibitor of trypanosome respiration is shown in 
Table 6. Comparison of stabilized and unstabilized 
hydrogen peroxide showed that the stabilizer had 
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Table 5. Production of peroxide during shaking 
of thiols in air at 38° 


Usual medium (3 ml.) in a Warburg flask was mixed 
with 0-5 ml. of 7 x 10-*m thiol at zero time and samples 
were removed at intervals for estimation of peroxide. 


pmoles of peroxide in reaction vessel 





Time 7 A — + 
(min.) BAL Cysteine Glutathione Penicillamine 

0 0 0 0 0 

15 0-19 0-22 0-06 0-02 

30 1-16 0-26 0-09 0-44 

45 0-88 0-25 0-11 0-42 

75 0-88 0-19 0-002 0-36 


Table 6. Inhibition of T. rhodesiense respiration 
by hydrogen peroxide 


Trypanosome suspension (3 ml.) was placed in the flask 
and 0-5 ml. of hydrogen peroxide in saline was placed in the 
side arm. 


Hydrogen peroxide 5 1 0-2 0-04 0-02 
(umoles) 
Percentage inhibition 81 51 28 2 7 


after 45 min. 


no effect on trypanosome respiration in the concen- 
tration present. 

It is seen from these results that trypanosome 
respiration is inhibited by concentrations of 
peroxide of the same order as those detected during 
oxidation of the thiols (Table 5). 

In order to find whether or not other respiratory 
inhibitors were being formed as a result of the inter- 
action of the peroxide produced from glutathione 
with other components of the system, trypanosome 
suspensions were shaken for 30 min. in the presence 
and absence of 10-*m glutathione. The trypano- 
somes were removed by centrifuging and catalase in 
the concentration previously used was added to 
destroy any peroxide formed. The respiratory rate 
of fresh trypanosomes was immediately compared in 
the two media. No significant difference was found, 
indicating that peroxide itself is the toxic factor 
involved. 


Peroxide destruction in the presence of trypanosomes 


In contrast to the regular appearance of peroxide 
on shaking thiols in air in the absence of trypano- 
somes, only a minute amount was detected in their 
presence. This trace, which was observed early in 
the experiment, rapidly disappeared. When 1 pmole 
of peroxide was added to 3 ml. of respiring trypano- 
some suspension the peroxide concentration fell 
until none was detectable after 20 min., although 
in the absence of trypanosomes it persisted well 
beyond the experimental period. 

We therefore examined washed whole organisms 
and homogenates, prepared by mechanical disinte- 
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gration in water, for the presence of catalase. 
Particular care was taken to avoid the presence of 
red cells by repeated washings. Negligible catalase 
activity was detected [Kat. f= 0-2]. 

In the absence of evidence for the presence of 
catalase it was concluded that trypanosome meta- 
bolic products were destroying peroxide. To demon- 
strate this samples of a trypanosome suspension 
respiring under the usual conditions were taken at 
10 min. intervals and freed from trypanosomes by 
centrifuging. Peroxide was added to each sample to 
give a concentration of 1 »mole in 10 ml., and after 
incubation for 5min. at 38° the peroxide was 
estimated. In a sample of medium which had not 
been in contact with trypanosomes no destruction 
of peroxide occurred during the 5 min. incubation. 
However, in the other samples the power to destroy 
peroxide increased with the length of the respiration 
period and, therefore, with the amount of meta- 
bolites present. It is known that 7. rhodesiense 
produces large amounts of pyruvate (Fulton & 
Stevens, 1945), and this was the only keto acid 
identifiable by paper chromatography among the 
products of metabolism in our system. Analysis 
showed that 2—5 pmoles were present in each War- 
burg vessel at the end of the usual equilibration 
period. This concentration increased to about 
12 pmoles after 45 min. under normal conditions. 

It is well known that peroxide reacts with 
pyruvate as follows: 


CH,.CO.CO,H + H,0, = CH,.CO,H + CO, + H,0. 


On adding 0-25 pmole of peroxide to 10 umoles of 
pyruvate in saline at 38° we found that peroxide 
was not detectable after 5 min. Therefore, more 
than enough pyruvate is formed by the trypano- 
somes during the equilibration period in the 
Warburg apparatus to destroy the small amount of 
hydrogen peroxide detected during the oxidation of 
the thiols in the absence of pyruvate. However, 
even when 10 pmoles of pyruvate were added at the 
beginning of the experiment, before addition of the 
thiol, inhibition of respiration was not prevented 
except in the case of glutathione. 

When 1 yzmole of hydrogen peroxide was added 
from the side arm at 10 min. intervals to each of a 
series of flasks containing trypanosome suspen- 
sions, the resulting respiratory inhibition decreased 
markedly as more pyruvate appeared in the system 
and reacted with the peroxide formed. 


Rate of oxidation of glutathione 


Since the object of adding glutathione to sus- 
pensions of trypanosomes was to protect them 
against the action by arsenicals, it was important to 
determine the rate at which -SH groups were 
inactivated in the system. 
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Table 7. Rate of disappearance of —SH groups in 
glutathione in the presence of trypanosomes, added 
pyruvate and catalase 


Glutathione was added to each flask to give a final con- 
centration of 10-*m, and -SH groups were estimated by 
iodine titration at intervals. 


pmoles of reduced glutathione 


cr 


Medium+ Medium+ Medium + 

Time Medium _ trypano- pyruvate catalase 

(min.) alone somes 4x10-3m 5x 10-8u 
0 3-15 3°15 3-15 3-15 
15 2-02 2-65 2-23 2-41 
30 1-39 2-37 1-82 1-83 
45 0-9 2-23 1-18 1-77 


From the results in Table 7 it is seen that the 
oxidation of glutathione was slower in the presence 
of trypanosomes and also of added pyruvate. 
Catalase also reduced the rate of oxidation. It is 
probable that pyruvate, like catalase, retards the 
oxidation of -SH groups by destroying peroxide. 

In some 20 % of the experiments performed with 
glutathione there was no inhibition of trypanosome 
respiration under the usual conditions, although the 
other thiols always gave rise to inhibition. Peroxide 
was not detected on these occasions when gluta- 
thione was shaken in medium without trypano- 
somes, and iodine titration revealed a marked 
decrease in the rate of oxidation of -SH groups. By 
eliminating the different components of the 
medium in turn on one such occasion it was found 
that phosphate in the buffer interfered with gluta- 
thione oxidation. This supression was not overcome 
by extraction of the phosphate buffer with 8- 
hydroxyquinoline, to remove heavy metals which 
might have destroyed peroxide. It was also found 
that some specimens of glutathione oxidized more 
readily than others, and on one occasion analysis 
showed that copper was present in minute amounts 
in the sample producing inhibition, but was absent 
in a second sample which did not cause inhibition. 
It has long been established that copper catalyses 
the oxidation of glutathione (Voegtlin, Johnson & 
Rosenthal, 1931). 


DISCUSSION 


It has been established in these experiments that 
peroxide formed during the oxidation of thiols is 
responsible for the observed inhibition of 7’. 
rhodesiense respiration. The partial or complete 
prevention of the inhibition by catalase in all our 
experiments strongly suggests that hydrogen 
peroxide, rather than an organic peroxide, is 
involved. The fact that earlier workers failed to 
observe a toxic action of thiols on trypanosomes can 
readily be explained by their use of a whole-blood 
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medium in which the catalase present would 
destroy any peroxide formed, or because they did 
not subject the thiols to conditions in which oxida- 
tion could readily take place. 

Thurlow (1925) found that nitrite was oxidized to 
nitrate in the presence of cysteine or glutathione 
and peroxidase. It was therefore suggested that 
peroxide was formed as a result of thiol autoxida- 
tion. Holtz & Triem (1937) and later Schales (1938), 
using a very sensitive luminescent test, observed 
that peroxide formation occurred during autoxida- 
tion of a number of substances including cysteine 
and glutathione. However, it has not been sug- 
gested that peroxide formation is involved in the 
observed inhibition by thiols of the respiration of 
yeast (Quastel & Wheatley, 1932; Runnstrém & 
Sperber, 1938), and of bacteria (Cook, Perisutti & 
Walsh, 1946) or of the motility of spermatozoa 
(MacLeod, 1951; White, 1954, 1955). In these 
instances aerobic conditions suitable for the oxida 
tion of thiols and peroxide formation were em- 
ployed. Tosic (1947) has shown that bull sperma- 
tozoa are very sensitive to hydrogen peroxide 
produced during the metabolism of certain amino 
acids. 

Evidence for the production of hydrogen per- 
oxide during oxidation of BAL was given by Slater 
(1949), but he concluded that it was not the main 
cause of inhibition of the mammalian succinoxidase 
system by BAL. In our system it appeared that 
peroxide production played a major part in the 
toxicity of BAL since the inhibition was largely 
prevented by catalase. 

Our results show that the respiration of T. 
rhodesiense is markedly inhibited by low concentra- 
tions of hydrogen peroxide comparable with those 
detected during oxidation of the thiols. Reiner & 
Leonard (1932) and Strangeways (1937) found that 
peroxide also affects the motility of 7’. eguiperdum. 
Little or no catalase has been detected in trypano- 
somes (Krijgsman, 1936; Strangeways, 1937; 
Harvey, 1949), and we failed to detect catalase 
activity in 7’. rhodesiense when care was taken to 
exclude all red cells. Their presence may account for 
the catalase activity of very low order claimed by 
workers with other species of trypanosomes. In 
view of the absence of catalase it is not surprising 
that trypanosomes are affected by low concentra- 
tions of peroxide. 

There is some correlation between the effective- 
ness of thiols as inhibitors of trypanosome respira- 
tion and the amount of peroxide which each 
produces. However, the inhibition caused by 


glutathione is relatively greater than is indicated by 
the amount of peroxide detected, which is less than 
that detected with the other thiols. Even when an 
approximate allowance is made for the oxygen 
consumed during the autoxidation of the thiols in 
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the system, glutathione is still found to cause a 
greater inhibition, on average, than either cysteine 
or penicillamine. This problem requires further 
investigation. 

Because of the ability of pyruvate to react with 
hydrogen peroxide its production by trypanosomes 
was a complicating factor in our experiments. Not 
only does its production make the estimation of 
peroxide from thiol oxidation in the presence of 
trypanosomes impossible but, as Slater (1952) has 
found, it causes an increase in the oxygen con- 
sumption during thiol oxidation through its 
reaction with the peroxide produced. As _ the 
amount of pyruvate in the system is continuously 
increasing an accurate correction for the amount of 
oxygen taken up, other than by trypanosomes, is 
rendered difficult when calculating respiratory 
inhibitions. 

It appears that although the pyruvate formed by 
trypanosomes destroys peroxide produced from the 
thiols, it fails to prevent the inhibition of respira- 
tion. This may be due to the comparatively slow 
rate of reaction of peroxide with pyruvate in our 
system. It is not clear why excess pyruvate offers 
greater protection against added hydrogen peroxide 
than against the apparently lower concentration 
produced during the oxidation of thiols. It is 
possible that the slow and continuous production of 
peroxide by this means is more effective as an 
inhibitor. In a somewhat analogous way peroxide 
generated within a system has been found to be 
more reactive as a substrate for demonstrating 
the peroxidative activity of catalase than added 
peroxide (Keilin & Hartree, 1945). 

In conclusion it appears that thiols such as 
cysteine, glutathione and penicillamine, but not 
BAL, may still be used in experiments on the 
reversal of inhibition of trypanosome respiration by 
drugs. Under our conditions, in which serum 
replaces whole blood, the addition of catalase in 
appropriate concentration overcomes the toxic 
effect of the peroxide formed. 


SUMMARY 


1. 2:3-Dimercaptopropanol (BAL), cysteine, 
glutathione and penicillamine at a concentration of 
10-*m caused inhibition of the respiration and 
motility of Trypanosoma rhodesiense in vitro. 

2. Catalase partly prevented the inhibition by 
BAL and completely prevented that caused by the 
other thiols. 

3. Under anaerobic conditions the toxicity of 
BAL and penicillamine was greatly reduced, and 
that of cysteine and glutathione completely 
eliminated. 

4. Catalase could not be detected in the trypano- 
somes, but peroxide, whether added to or formed in 





ball 





————— 
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the system, was destroyed in the presence of the 
respiring organisms by reacting with the pyruvate 
which they produced. 


We wish to thank Dr P. George and Dr E. F. Hartree, of 
Cambridge, for generous gifts of catalase and peroxidase 
respectively, and Dr P. T. Grant for a synthetic sample of 
penicillamine. Laporte Chemicals Ltd., Luton, kindly gave 
us the non-stabilized hydrogen peroxide. 
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Studies in Carotenogenesis 
22. THE STRUCTURE OF ECHINENONE* 


By T. W. GOODWIN 
Department of Biochemistry, The University, Liverpool, 3 


(Received 7 December 1955) 


The carotenoid echinenone was first obtained by 
Lederer (1935, 1938) from the goriads of the sea- 
urchin Paracentrotus lividus; it has now been shown 
to be widely distributed in marine invertebrates 
(see, for example, Goodwin, 1952). Lederer con- 
cluded that echinenone was a monoketo derivative 
of B-carotene, and Goodwin & Taha (1950) con- 
cluded, from spectrographic data on echinenone and 
the hydroxy-f-carotene derived from it by the 
action of aluminium ‘sopropoxide, that it was 
probably 4-oxo-f-carotene. The present paper 
reports the application of new developments in 
carotenoid chemistry to this problem, which has 
made it possible to provide detailed confirmation of 
the proposed structure. 


* Part 21: van Niel, Goodwin & Sissins (1956). 
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Goodwin & Taha (1950) concluded that the 
presence of a conjugated keto group in echinenone 
was strongly indicated by (a) the damping down of 
the fine structure of its absorption spectrum, (b) the 
shift of the main maximum (in light petroleum) from 
448-449 mp. in f-carotene to 453-454 mp. in 
echinenone [453-454 muy. is a more accurate value 
for Anax, than 458 my. previously recorded by 
Goodwin & Taha (1950)], and (c) the production of 
a compound with an absorption spectrum in- 
distinguishable from that of either §-carotene or 
cryptoxanthin (3-hydroxy-8-carotene) on reduction 
of the keto group of echinenone to a hydroxyl 
group. As cryptoxanthin and reduced echinenone 
were not separable chromatographically, it was 
suggested that the two were identical and that 
cryptoxanthin was 4-hydroxy-f-carotene. Karrer 
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(1951), however, found that cryptoxanthin, when 
treated with chloroform saturated with hydrogen 
chloride, did not lose water with the introduction 
of an additional conjugated ethylenic band; this 
would have been expected if the hydroxyl were in 
position 4, i.e. was allylic with respect to the first 
ethylenic double bond of the conjugated chain 
(Karrer & Leumann, 1951). 

Walleave & Zechmeister (1953) later synthesized 
4-hydroxy-f-carotene (isocryptoxanthin) by treat- 
ing B-carotene with boron trifluoride etherate and 
showed that with acid—chloroform it did lose water 
and that an additional double bond was introduced; 
furthermore, as the polyene produced had an even 
number (12) of conjugated double bonds, this was 
accompanied by a rearrangement of these ethylenic 
bonds to the ‘retro’ configuration described by 
Oroshnik, Karmas & Mebane (1952), the compound 
produced being dehydro-£-carotene. 

Walicave & Zechmeister (1953) also showed that 
isocryptoxanthin could be separated chromato- 
graphically from cryptoxanthin after prolonged 
development of the column. These experiments 
fully confirmed Karrer’s conclusion that erypto- 
xanthin was not 4-hydroxy-f-carotene. 
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The dehydro-f-carotene produced by Zech- 
meister & Wallcave (1953) was further characterized 
by the action of boron trifluoride etherate, which 
converts it into isocryptoxanthin with the con- 
comitant production of f-carotene. 

If echinenone were 4-oxo-f-carotene then its 
reduction product should be isocryptoxanthin and 
should undergo the very characteristic reactions 
reported by Wallcave & Zechmeister (1953), and 
shown in Fig. 1. 

This series of reactions has now been demon- 
strated a number of times, starting with small 
amounts (200-500 yg.) of crystalline echinenone. 

Reduction of echinenone with lithium aluminium 
hydride proceeds readily and almost quantitatively 
at room temperature, and is much superior to the 
reaction with aluminum isopropoxide used pre- 
viously (Goodwin & Taha, 1950). The reduced 
compound, which has spectral and chromato- 
graphic properties very similar to those of crypto- 
xanthin and isocryptoxanthin, was shown to be the 
latter by demonstrating (a) the allylic nature of the 
hydroxyl group, and (b) that the product of acid— 
chloroform treatment, when the hydroxyl] group is 
removed, is dehydro-f-carotene. 

There is therefore no doubt that reduced echi- 
nenone is 7socryptoxanthin, and that echinenone 
itself must be 4-oxo-f-carotene. 


EXPERIMENTAL 


Isolation of echinenone. Gonads of the sea-urchin Para- 
centrotus lividus collected off Palermo, Sicily, were stored, 
immediately after removal from the animals, at — 20° until 
required. The crude lipids were extracted at Palermo by the 
method of Goodwin & Taha (1950), sealed under N, and 
transported to Liverpool. The lipids (approx. 50 g.) were 
then dissolved in light petroleum (the fraction having b.p. 
40-60° was used throughout this investigation) and a pre- 
liminary separation of the pigments was effected on alumina 
(P. Spence and Co., Widnes, Grade O) deactivated with 
methanol (Goodwin & Srisukh, 1949). The major fraction, 
containing predominantly echinenone, moved off the 
column when the chromatogram was developed with light 
petroleum containing 4% (w/v) of diethyl ether. A fraction 
containing B-carotene ran before echinenone, and a third, 
more strongly adsorbed fraction, which remained behind, 
was stripped off the column with ether and stored for further 
investigations. 

The echinenone fraction, which also contained colourless 
lipids, was saponified (Goodwin & Morton, 1946) and re- 
chromatographed on deactivated alumina; the homo- 
geneous echinenone fraction was eluted with light petroleum 
containing 5-10 % (v/v) of ether. The solvent was removed 
in vacuo and the residue transferred to a small centrifuge 
tube with about 5 ml. of light petroleum. The volume of 
solvent was then cautiously reduced at room temp. to 0-5 ml. 
in a stream of N, with constant swirling to avoid pigment 
deposition on the sides of the tube. The tube was stoppered 
under N, and placed at — 20° until bright red crystals were 
formed, together with some white material. The latter was 
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removed by washing with cold light petroleum, and the 
echinenone was recrystallized from light petroleum; yield 
about 2mg. A further small quantity was obtained 
from the mother liquor. The absorption spectrum of 
the echinenone (A,,,, 453-454 my. in light petroleum) 
was recorded, but not the m.p. because of shortage of 
material. 

Reduction of echinenone with LiAIH,. Echinenone 
(250 ug.) was dissolved in ether (10 ml.) in a 50 ml. Erlen- 
meyer flask and a small amount of LiAlH, added. The flask 
was allowed to stand at room temp. until no further evolu- 
tion of gas occurred (about 15-20 min.). The contents were 
then transferred to a small separating funnel and the lemon- 
yellow insoluble complex was decomposed by the addition 
of ethanol; water was then added cautiously until two 
layers formed. The water was removed and the ether layer 
washed twice with water. The ether extract was dried over 
anhydrous Na,SO,, which was washed three times with 
small volumes of ether and the solvent removed in vacuo; the 
residue was dissolved in light petroleum and chromato- 
graphed on deactivated alumina. Two zones were obtained: 
A, eluted with light petroleum containing 10-15 % (v/v) of 
ether, was unchanged echinenone, and B, eluted with light 
petroleum containing 30% (v/v) of ether, was reduced 
echinenone; it had an absorption spectrum identical in 
shape and position (A,,,,, 448, 476 my. in light petroleum) 
with that of cryptoxanthin (Goodwin & Taha, 1950), and 
presumably very similar to that of isocryptoxanthin, for the 
absorption spectra of these two compounds were ‘very 
similar’ in hexane (Wallcave & Zechmeister, 1953). Ab- 
sorption spectra of carotenoids in hexane have their 
absorption maxima shifted by about 2 my. to longer wave- 
lengths, compared with those in light petroleum, and there is 
very little difference in shape of the spectra in the two 
solvents (Goodwin, 1955). The adsorptive properties of 
reduced echinenone also correspond with those of crypto- 
xanthin (Goodwin & Taha, 1950) and must be very little 
different from those of isocryptoxanthin, for this can be 
resolved from cryptoxanthin only on prolonged develop- 
ment (Wallcave & Zechmeister, 1953). 

In all experiments the yield of reduced echinenone was 
about 75-80%, the remainder being mainly unchanged 
echinenone. 

Reaction of reduced echinenone with acidified chloroform. 
To a solution of reduced echinenone (100yg.) in CHCl, 
(10 ml.) previously washed with Na,CO, were added a few 
drops of CHCl, previously shaken with conc. HCI; the solu- 
tion immediately darkened but was allowed to stand for 
20 min. in diffuse daylight (Wallcave & Zechmeister, 1953). 
The CHCl, extract was then washed free from acid with 
10% (w/v) aqueous Na,CO,, dried with Na,SO, and the 
solvent removed in vacuo. The residue was dissolved in 
light petroleum and chromatographed on deactivated 
alumina. Zone B, ran through with light petroleum con- 
taining 1% (v/v) of ether and zone B, was obtained by 
developing with light petroleum containing 30% (v/v) of 
ether. B, was purified by chromatography on a mixture 
(3:1) of activated and deactivated alumina; it was eluted 
with light petroleum containing 20-30 % (v/v) of ether and 
had the characteristic adsorptive properties of dehydro-f- 
carotene (isocarotene) (Redfearn, 1954), being somewhat 
more strongly adsorbed than f-carotene. As could be 
expected, its absorption spectral maxima (466 and 492 mp. 
in light petroleum) were always slightly lower than those 
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recorded by Wallcave & Zechmeister (1953) in hexane (471 
and 502 muz.). Part of this difference may be due to the 
presence of unresolved cis-isomers in our specimen, for this 
reaction does tend to produce cis-isomers (Wallcave & 
Zechmeister, 1953). Zone B, also probably contained a 
mixture of all trans-isocryptoxanthin and its cis-isomers; 
it had very similar adsorptive properties to the starting 
material, but its absorption maxima were shifted to shorter 
wavelengths and the definition of the bands was reduced 
(Zechmeister & Wallcave, 1953). 

The yield of dehydro-B-carotene was usually of the order 
of 80%. 

Reaction of dehydro-B-carotene with BF. To a solution of 
dehydro-B-carotene (100g.) in light petroleum (10 ml.) 
three drops of boron trifluoride etherate were added (Wall- 
cave & Zechmeister, 1953). The solution quickly turned blue 
and was shaken vigorously for 1 min. It was then poured 
into a separating funnel containing 50 ml. of acetone, and 
water was cautiously added until two layers were formed. 
The lower layer was removed and the light petroleum layer 
washed twice with a small amount of water, dried over 
anhydrous Na,SO, and chromatographed on deactivated 
alumina. Three zones were obtained: A moved off with 1% 
(v/v) ether in light petroleum, B with 20% (v/v) of ether in 
light petroleum and C, into which B merged, with 30% 
(v/v) ether. C was indistinguishable spectroscopically and 
chromatographically from isocryptoxanthin obtained from 
the reduction of echinenone and this was confirmed by 
converting it into dehydro-f-carotene by the action of 
CHCI,-HCl. Zone B was probably mainiy cis-isocrypto- 
xanthin because of its somewhat decreased adsorptive pro- 
perties and the slight shift of its maxima to shorter 
wavelengths and the reduced sharpness of its spectrum; it 
also reacted similarly with CHCI,-HCI; the occurrence of 
considerable amounts of cis-isomers was also recorded by 
Wallcave & Zechmeister (1953). Zone A was purified by 
chromatography on a 1:1 mixture of activated and de- 
activated alumina. The major zone A, was eluted with light 
petroleum containing 5% (v/v) ether and was shown to 
be chromatographically and spectroscopically (A,,,,, 448, 
474 my. in light petroleum) indistinguishable from - 
carotene; A,, which wasslightly more strongly adsorbed, had 
an absorption spectrum without good definition with 
maxima at 426 and 449 mu. in light petroleum. It corre- 
sponds to Wallcave & Zechmeister’s (1953) ‘intermediate 
zone’ between f-carotene and isocryptoxanthin containing 
‘several pale yellow zones’. 


SUMMARY 


By application of the recently developed reactions 
of Walleave & Zechmeister (1953), it has been 
demonstrated that echinenone is 4-oxo- 8-carotene.* 


I am very grateful to Professor A. Monroy for collecting 
the P. lividus gonads and providing facilities for their 
extraction; to the University of Palermo and The British 
Council for inviting me to visit Palermo, during which time 
the first part of this work was carried out; and to Miss B. M. 
Eales for skilled technical assistance. 





* Note added in proof. While this paper was in the press, 
Ganguly, Krinsky & Pinchard (1956) also demonstrated 
this structure for echinenone. 
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Anticholinesterase Activity of Ethyleneimines 
and certain other Cytotoxic Agents 


By K. BULLOCK 
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(Received 7 November 1955) 


It has previously been shown by Bullock (1955) that 
cytotoxic activity and anticholinesterase activity 
do not run parallel. Indeed certain epoxides and 
methanesulphonyloxy derivatives possessing cyto- 
toxic activity were almost inactive as anticholin- 
esterases. On the other hand, three ethyleneimines 
inhibited acetylcholinesterase (AChE) of nervous 
tissue, but more feebly than did NN-di-(2-chloro- 
ethvl)methylamine hydrochloride (HN 2). Unlike 
HN 2 they inhibited pseudocholinesterase of serum 
more strongly than AChE. In most cases the 
inhibition was progressive, the progress being in 
some cases stopped by the addition of the substrate 
acetylcholine. At the time it was concluded that 
the most interesting feature of the results might well 
be that these cytotoxic agents, designed to resemble 
the nitrogen mustards and their breakdown 
products, differ from HN2 in being more feeble 
inhibitors of AChE and in showing their greatest 
activity against pseudocholinesterase. Four con- 
siderations have led to the subject being pursued 
further: (1) Most of the ethyleneimines and especi- 
ally 2:4:6-tri(ethyleneimino)-s-triazine (tretamine, 
TEM), a Substance at present undergoing clinical 
trial in the treatment of malignant disease, are 
much more active against AChE at pH 6-3 than 
at 7:4, the pH customarily employed in Warburg 
determinations. (2) The ethyleneimines are irre- 


versible progressive inhibitors, so that their in- 
hibitory effects may be more important than if the 
reverse had been true. (3) At pH 6-3 the anti-AChE 
activity of TEM is so greatly enhanced that the 
kinetics of the inhibition can reasonably be studied. 
(4) The study of the anti-AChE activity of the 
ethyleneimines might throw some light on the 


mode of their reaction with proteins. The epoxides 
and methanesulphonyloxy derivatives were ex- 
amined for activity at pH 6-3. Diisopropyl phos- 
phorofluoridate (DFP, an irreversible inhibitor, and 
neostigmine and eserine, two reversible inhibitors 
of AChE, were included in the tests for comparison. 

Among other attempts which have been made to 
study the actions of cytotoxic agents on proteins 
may be mentioned those of Alexander, Fox, Stacey 
& Smith (1952) and Watkins & Wormall (1952). The 
general chemistry of the cytotoxic alkylating agents 
has been discussed by Ross (1953) and their 
behaviour as chemotherapeutic agents in malignant 
disease has been reviewed by Bergel (1955). 


EXPERIMENTAL 
Materials. Epichlorohydrin, propylene oxide, DFP, 
TEM, pt-f-acetoxypropyltrimethylammonium chloride 


(MeCh, methacholine chloride, B.P. 1953) and di-(2- 
chloroethyl)methylamine (HN2, mustine hydrochloride 
B.P.C. 1954) were purchased. The other substances ex- 
amined for anti-AChE activity were very kindly supplied by 
Dr W.C. J. Ross, Mr J. L. Everratt and Mr G. M. Timmis of 
the Chester Beatty Cancer Research Institute, London. 

pH values. These were determined by a glass electrode and 
valve potentiometer, except that the value of 7-4 was 
assumed for the contents of the Warburg flasks containing 
0-025m-NaHCO, after equilibration with N, + CO, (19:1). 

Solutions of inhibitors. These were freshly prepared. 4-[p- 
Di-(2-chloroethyl)aminophenyl]butyric acid (CB 1348) was 
dissolved in a slight excess of 0-1N-NaOH and the pH 
reduced to 7-4 with 0-1N-HCl. Sparingly soluble sub- 
stances (methanesulphonyloxy derivatives) were directly 
weighed into the Warburg flask or triturated with the 
required amount of water, or dissolved in a minimum of 
ethanol. 
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Erythrocyte envelopes (stromata). As a source of AChE 
these were prepared by the method of Augustinson (1948) 
with slight modifications. Oxalated (0-14 % of K,C,0,,H,0) 
ox blood was centrifuged, the erythrocytes were washed by 
centrifuging three times with aqueous 0-94% (w/v) NaCi 
and then haemolysed by addition of an equal volume of 
water. This stock solution was preserved with 0-3% (v/v) 
CHCIl,, and stored at 4°. When required, 30 ml. was diluted 
with water to 110 ml., the pH was reduced to 6-3 by addition 
of 0-1N-HCl and the coagulated stromata were deposited by 
centrifuging. They were washed by centrifuging with water 
three times and the final deposit was suspended in 25 ml. of 
water saturated with CHCl,. Such a suspension may be kept 
for several days at 4° without appreciable loss of activity. 
This suspension of stromata showed some _ buffering 
capacity; 2 ml. required 0-2 ml. of 0-005n-NaOH to raise 
the pH to 7-4, and 0-5 ml. of 0-005N-HCl to lower the pH to 
4-0. The enzyme was in a completely insoluble form at 
pH 6-3. Less than 5% loss in activity resulted from washing 
four times with water. Preservation of the stromata by 
drying over P,O, under reduced pressure caused no appreci- 
able loss in activity or alteration in behaviour with in- 
hibitors. Suspensions of the dried stromata in water or in 
chloroform water lost strength at the same rate on storage at 
4° or 37°. 

Stromata rather than washed red blood corpuscles were 
used because: (1) they constitute a purer form of protein and 
avoid complications resulting from slow diffusion of the 
inhibitor into and out of the cells; (2) AChE is more strongly 
inhibited by TEM at pH 6-3, the pH of the stromata sus- 
pension, than at pH 7-4, the more natural pH for red blood 
corpuscles; (3) considerations of isotonicity and haemolysis 
do not arise; (4) a centrifuged suspension of stromata forms 
a compact deposit from which the supernatant fluid may 
easily be drained off. 

AChE activity was determined by the usual Warburg 
technique at 37° in the presence of 0-025mM-NaHCO,, 
equilibrated for 10 min. with N, + CO, (19:1). The substrate, 
0-2 ml. of 0-9m MeCh in 0-025mM-NaHCO,, was added from 
the side arm after equilibration for 15 min. The total volume 
in each flask was 3 ml. As far as possible enzyme quantities 
causing the evolution of 60-120 yl. of CO, in 30 min. were 
used. Esterase activity was calculated from the initial, 
approximately constant, rate of evolution of CO,. In all 
experiments corrections for non-enzymic hydrolysis of the 
substrate were applied, changes of gas volume not due to 
hydrolysis of the substrate being taken into account; both 
corrections were very small. Results quoted are the 
average of at least two experiments. 

Inhibitions. These were carried out in separate glass- 
stoppered tubes or centrifuge tubes, whose contents were 
thoroughly mixed at 10 min. intervals. For inhibition in the 
absence of NaHCO, (i.e. at pH 6-3) Il ml. of stromata 
suspension was added to either 2 ml. of water or 1 ml. of 
water and 1 ml. of inhibitor solution. For inhibition in the 
presence of NaHCO,, 1 ml. of stromata suspension and 1 ml. 
of 0-075M-NaHCO, were mixed with 1 ml. of water or 1 ml. 
of inhibitor solution. At the end of the inhibitory period, 
unless otherwise stated at 37°, 1-4 ml. of the reaction 
mixture was mixed in the Warburg flask with 1-4 ml. of 
NaHCO, solution so as to give a final concentration of 
0-025. In the centrifuge tubes the insoluble enzyme could 
be centrifuged off and repeatedly washed and incubated 
with water before being made up to the original volume and 
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tested. Usually inhibition continued, at pH 7-4, after 
transfer to the Warburg flask, but with some dilution of both 
enzyme and inhibitor. During the gassing, temperature 
equilibration and digestion process there was opportunity 
for a new equilibrium to be set up. Thus the method is not to 
be recommended for use with reversible inhibitors. 

The pH values were checked before the period of inhi- 
bition. The value did not usually change by more than 0-2 of 
a unit during inhibition, except when the pH had been 
made other than 6-3 or 8-3 (see below). The pH in the 
Warburg flasks (7-4) was roughly checked at the end of each 
experiment by addition of a drop of phenol red to each flask. 


RESULTS 


Effect of pH on inhibition. The anti-AChE 
activities of the substances examined are shown in 
Table 1. The eserine results do not conflict with those 
of Wilson & Bergmann (1950) since, as pointed out 
above, the conditions in the present investigation 
were not suitable for judging pH effects on rapidly 
reversible inhibitors; experiments with S-mustard 
were difficult because of its slight solubility and 
rapid hydrolysis in water. In experiments in the 
absence of NaHCO, the acid produced by hydro- 
lysis soon lowered the pH to such an extent that the 
enzyme was rapidly destroyed at 37°. Results in the 
presence of alkali were obtained by dissolving i drop 
of the S-mustard in 1 ml. of ethanol and using 
0-05 ml. of this solution in 3 ml. of a suspension of 
stromata in 0:025m-NaHCO, ; allowance was made 
for the acid generated when transferring to the 
Warburg flask. According to Bergmann & Shimoni 
(1953) 1 % ethanol itself causes approximately 20 % 
inhibition. The results show that S-mustard could 
not be regarded as a potent inhibitor of AChE. 

The effect of pH on the inhibition produced by 
HN 2 and TEM was further investigated, with the 
results shown in Fig. 1. It was immaterial whether 
0-005 N-NaOH or 0-025m-NaHCO, was used as the 
alkali in adjusting the pH. 

Irreversibility of inhibition. The results obtained 
are shown in Table 2. 

Progressive inhibition of AChE by TEM. TEM has 
a markedly progressive inhibitory action on AChE 
at pH 6-3, as shown in Fig. 2. 

Minimum concentration of TEM causing 50% 
inhibition (Iz) of AChE at pH 6-3. The minimum J;, 
value for TEM obtainable at 37° was 8-2 x 10-*m 
and occurred after 5hr. inhibition. J;, values 
between 3-0 x 10-4 and 4-0 x 10-*m were obtained at 
30° after 3 days’ inhibition and at room temperature 
after 2 weeks’ inhibition. These experiments were 
carried out in the absence and in the presence of 
chloroform water of various strengths (Gage, 1953), 
Merthiolate (Davison, 1953), thymol and potassium 
cyanide (Aldridge & Davison, 1952), but under all 
conditions the lowest concentration of TEM causing 
50 % inhibition was 3-0 x 10-*M. 





486 


Small uptake of TEM by stromata at pH 6:3. 
Identical results were obtained, whether during the 
period of inhibition at pH 6-3 by TEM the tubes 
were: (1) not shaken after the first mixing, (2) 
shaken at 10min. intervals, (3) mechanically 
shaken all the time, (4) centrifuged after the first 
mixing and not again shaken until the end of the 
period of inhibition, or (5) centrifuged after the first 
mixing and the supernatant discarded before the 
period of inhibition (the original volume was 
restored by addition of water after inhibition). That 
this was due to a small uptake of TEM was shown by 
adding an equal volume of double-strength in- 
hibitor to the moist deposit of stromata obtained by 
centrifuging. The same degree of inhibition was 
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obtained as by treating the same quantity of 
stromata with single-strength inhibitor. If, on the 
other hand, the deposit of stromata was treated 
with an equal volume of double-strength inhibitor 
and immediately largely diluted with water, no 
inhibition resulted on incubation; this showed that 
inhibitor had not been irreversibly taken up by the 
stromata. 

Action of stromata on TEM. TEM solution was 
incubated with stromata for 3 hr. at 37° and then 
centrifuged ; the supernatant had not lost any of its 
inhibitory power against the AChE of a fresh 
preparation of stromata. 

Stromata prepared from whole human blood 
behaved similarly to ox stromata. 


Table 1. Inhibition of acetylcholinesterase activity of erythrocyte stroma 


Stromata were kept in contact at 37° with the inhibitor at the pH of the stromata preparation (6-3) or in the presence of 


0-025 M-NaHCO, (pH 8-3). 


Determination of residual activity by Warburg method (pH 7-4). 








Formula Inhibition (%) 
ACH, Time of at pH 
R=—NC¢ contact , A, 
Inhibitor NCH, Molarity (hr.) 63 8-3 
Nitrogen mustards 
HN2 CH,.N(CH,.CH,Cl).,HCI 3-5 x 10-5 2 18 67 
CB 1348 (CH,Cl.CH,).N .C,H, .[CH,],.CO,H 7:8 x 10-4 3 63 37 
Ethyleneimines 
TEM N—C(R)=N 3-3 x 10-8 3 69 5 
I 
R.C——-N=C.R 
TEM* — 3-0 x 10-8 3 62 0 
CB 1263 R.CO.NH.[CH,],.NH.CO.R 6-6 x 10-4 3 80 25 
CB 1289 N—C(R)=N 5-7 x 10-4 3 71 45 
| 
R.C——N=C.Cl 
Epoxides 
Epichlorohydrin 0-5 1-15 x 10-4 3 73 39 
CICH,.CH.CH, 5-8 x 10-2 3 38 1] 
Propylene oxide rO5 1-6 x 107} 3 49 14 
CH,.CH.CH, 
CB 1262 7-0-5 7-0-5 9-5 x 10-? 3 33 17 
CH,.CH.CH,.CH.CH, 
CB 1161 7-0-5 O05 1-05 x 10-1 2-5 27 13 
CH,.CH.CH,.0.CH,.CH.CH, 
Methanesulphonyloxy derivatives 
CB 2039 CH,.SO,.0.[CH,],.0.SO,.CH, 2-6 x 10-? 2-5 0 0 
CB 2040 CH,.SO,.0.[CH,],.0.SO0,.CH, 2-1 x 10-* 2-5 17 13 
CB 2041 CH,.SO,.0.[CH,],.0.SO0,.CH, 6-77 x 10-8 3 21 0 
Miscellaneous 
Kserine sulphate _ 7-35 x 10-7 2 68 75 
Neostigmine methylsulphate 3-3 x 10-8 3 58 54 
DFP — 6-9 x 10-8 2-5 53 68 
6-0 x 10-8 2 37 42 
S-Mustard CH,CI.CH,.S.CH,.CH,Cl 1-3 x 10-3 3 ~~ 51 


* 1-35 x 10-?m TEM kept at pH 8-3 (0-025mM-NaHCO,) for 3 hr. and neutralized with 0-1N-HCI before test. 
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Fig. 1. Variation with pH of the percentage inhibition of 
erythrocyte acetylcholinesterase by: x, 69x10-5m 
nitrogen mustard in 2-5 hr., and @, 3-0 x 10-°m TEM in 
3 hr. Stromata and inhibitor were brought to required pH 
with 0-005N-HCl or NaOH and kept at 37° for 2-5 or 3 hr. 
The solution was then neutralized and the residual AChE 
estimated by the Warburg method. Controls were similarly 
treated. The pH values quoted are the average of pH 
(maximum change 0-35 pH unit) before and after the 
period of contact with inhibitor. 
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DISCUSSION 


The results in Table 1 confirm the inactivity of the 
epoxides and methanesulphonyloxy derivatives as 
anticholinesterases. In contradistinction to HN 2 
itself all the ethyleneimines and the nitrogen 
mustard analogue CB 1348 were considerably more 
active at pH 6-3 than at pH 7-4 (Bullock, 1955) or 
pH 8-3. With regard to the use of these substances in 
the treatment of cancer, Voegtlin, Fitch, Kuhler, 
Johnson & Thompson (1955) observed that 
cancerous tissue, unlike normal tissue, produces 
large quantities of lactic acid from fermentable 
sugars, and that the acid production can be in- 
creased by suitable injection of glucose to the point 
where the pH of the cancerous tissue falls to 6-3. 


100 
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Fig. 2. Progressive inhibition of erythrocyte acetylcholin- 
esterase at pH 6-3 and 37° caused by 3-46 x 10-*m TEM. 
Residual activity was determined by Warburg method 
(pH 7-4). Controls were similarly treated. 


Table 2. Reversibility of inhibition of acetylcholinesterase of stromata at pH 6-3 


Inhibition at 37°. Stromata were subsequently centrifuged off, washed three times with water and made up with water 
to original volume. The washing process was at 37° for the same time as the contact with inhibitor. Controls were similarly 
treated. AChE activity was determined by Warburg method (pH 7-4). 


Time of Inhibition (%) 
contact with §==———*————_, 
inhibitor Before After 
Inhibitor Molarity (hr.) washing washing 
HN2 6-9 x 10-¢ 2 60 32 
TEM 6-9 x 10-? 2 100 100 
1-1 x 10-2 2 82 80 
3-3 x 10-3 3 64 68 
CB 1348 1-3 x 10-3 2 60 60 
CB 1263 1-0 x 10-3 1-5 86 87 
6-8 x 10-¢ 2 80 79 
CB 1289 8-5 x 10-4 2 71 72 
Eserine sulphate 1-0 x 10-° 0-5 96 29 
4-68 x 10-® 2 86 0 
Neostigmine methylsulphate 2-0 x 10-6 0-5 84 10 
DFP 4-16 x 10-7 2:5 62 58 
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The lower inhibitory activity of TEM at pH 8-3 
was not due to its decomposition in the alkaline 
solution (Table 1, TEM*). Fig. 1 shows that, 
although the activity of the HN 2 steadily increased 
with increasing pH, TEM appeared to exert its 
optimum inhibitory activity at about pH 6-3. The 
data in Table 2 show that the ethyleneimines are 
irreversible inhibitors of AChE. That this was not 
specifically due to the use of stromata at pH 6-3 is 
shown by the reversibility of the inhibition induced 
by eserine and neostigmine at that pH. 

Fig. 2shows that TEM brings about a progressive 
inhibition of AChE. The inhibition is irreversible and 
the lowest concentration of TEM which would cause 
50 % inhibition in an unlimited time was 3-0 x 10-*M. 
A limit was placed on the reduction in concentra- 
tion, since TEM decomposes slowly in aqueous 
solution and AChE is not so stable at pH 6-3 as at 
pH 7-4o0r 8-3. A very small volume of TEM solution 
is as effective as a large volume in bringing about 
inhibition of the AChE of stromata, indicating a 
small uptake of TEM by the stromata. The rate of 
decomposition of TEM in solution was not appreci- 
ably accelerated in the presence of stromata. No 
difference was found in the action of TEM on ox or 
human stromata, and it was immaterial whether the 
stromata were fresh, preserved with chloroform 
water or previously freeze-dried. 


SUMMARY 


1. A convenient method of examining drugs for 
antiacetylcholinesterase activity at pH 6-3 by the 
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use of insoluble erythrocyte envelopes has been 
developed. 

2. The inactivity of the epoxides and methane- 
sulphonyloxy derivatives as anticholinesterases has 
been confirmed. 

3. The ethyleneimines and an HN 2 derivative 
show greatly increased anticholinesterase activity 
at pH 6-3 compared with pH 7-4 or 8-3. 

4. Anticholinesterase activity of the ethylene- 
imines is progressive and irreversible. 

5. Only very small quantities of TEM are taken 
up by erythrocyte stromata. 
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A Method for the Determination of Oestriol, Oestrone and Oestradiol-178 
in Human Urine by Partition Chromatography 
and Colorimetric Estimation 
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The purpose of this investigation was to devise a 
method for the determination in human urine of 
oestriol, oestrone and oestradiol-178, suitable for 
routine use and of sufficient sensitivity for the 
determination of the oestrogens excreted during the 
menstrual cycle. This investigation has been con- 
ducted independently of that reported by Brown 
(19554, b), with whom close liaison was maintained at 


* Present address. 


all stages. The development of the method began 
with a review of methods of hydrolysis of urinary 
oestrogens (Marrian & Bauld, 1951). This was 
followed by investigation of the colorimetric 
determination, the column partition chromato- 
graphy, and the sources of error in extraction of 
urinary oestrogens (Bauld, 1954, 1955a, b). 

The final method of determination, described in 
this report, involves acid hydrolysis of the urine, 
separation of the ether extract into oestriol and 
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oestrone—oestradiol fractions, followed by column 
partition chromatography and colorimetric deter- 
mination. It differs from the method of Brown 
(19556), which uses methylation and adsorption 
chromatography for purification and separation. 
Results obtained in parallel assays by the two 
methods of the urine of men and of pre- and post- 
menopausal women are in good agreement (see 
Marrian, 1955). 

With the present procedure four urine specimens 
can be analysed in 9-10 man-hours. The results 
obtained in analyses of urine excreted during the 
menstrual cycle are reproducible, and the method 
appears to be specific for oestrogens. With urines 
containing very small amounts of oestrogens the 
corrected optical densities in the colorimetric 
measurements are very small and the percentage 
error correspondingly large, by reason of instru- 
mental limitations. The method is satisfactory for 
quantities of the order of 5-10yg./day; Brown 
(1955) has shown that such a method is adequate 
for demonstrating the variation of urinary oestro- 
gens during the menstrual cycle. 


METHODS 


Purification of materials 


Reagents used are A.R., unless otherwise stated. Solvents 
are distilled in all-glass apparatus. 

Benzene. This reagent (Mallinckrodt, thiophen-free) is 
distilled from liquid paraffin (B.P., 50 ml./l.), and re- 
distilled. 

Ethanol. 95% ethanol (unmatured spirits) is allowed to 
stand over m-phenylenediamine with occasional shaking for 
at least 1 week, then distilled twice. 

Ether. This is shaken with 0-8m-FeSO, in 0-4n-H,SO, 
(3 x 100 ml./I.), washed with water (2 50ml./l.) and 
distilled. 

Ethylene dichloride (1.C.1., metal or stoneware containers, 
or Anachemia, Technical Grade). The solvent is poured 
through a column of silica gel (1 in. in diameter, 12 in. of 
length being used for each litre) at a rate of 4-6 ml./min. and 
distilled within 24 hr. of use. 

Methanol. The solvent (Anachemia, acetone-free) is 
distilled from liquid paraffin (50 ml./I.). 

Celite 535 (Johns Manville and Co. Ltd.). This is heated at 
400° for 4 hr., stirred with an excess of conc. HCl (11N) and 
allowed to stand overnight. The solid is washed with water 
until the washings are free of Cl” (AgNO, test), Fe®+ (SCN 
test), and neutral. The material is then dried at 110° for 
48 hr., cooled in a vacuum desiccator and stored in con- 
tainers with tightly fitting glass stoppers. 


Cleaning of glassware 


Glassware is rinsed after use with tap and distilled water. 
When visibly dirty it is allowed to stand in a chromic acid— 
sulphuric acid mixture for 12-24 hr. It is then rinsed with 
water, soaked in ethanol to destroy traces of chromic acid, 
washed with a vigorous stream of water for 2-3 min. and 
finally rinsed in distilled water. 
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Preparation of reagents 


Concentrated carbonate solution, pH 10-5 (approx.), is 
prepared by diluting 130 ml. of 5n-NaOH to 11. with 
m-NaHCo,. 

Reagent for oestradiol-17B. NaNO, (10 mg.) and quinone 
(certified chemical, 20 mg.) in 1 |. of H,SO, (60%, v/v) are 
warmed (at approx. 50°) until the solution turns light green 
and opalescent. Quinol (20g. of B.D.H. Laboratory 
Reagent) is added, dissolved by further warming and 
shaking, and the solution (after cooling) is filtered through 
sintered glass (porosity no. 4, fine). 

Reagents for oestrone and oestriol. These reagents are 
prepared as above, but with 66 % (v/v) and 76 % (v/v) H,SO, 
respectively as solvents. 


Collection of urine 


A complete 24 hr. urine specimen is collected without 
preservative, stored at 4° if necessary, and analyses are 
begun within 48 hr. 


Fractionation of urine 


The purification procedure is described below; letter 
references are to the flow sheet of Fig. 1. 

Hydrolysis (A). The 24 hr. urine specimen is diluted to 
2-51. with distilled water and mixed thoroughly, and two 
500 ml. portions are placed in 1 |. round-bottomed flasks. 
The samples are brought to the boiling point under reflux 
condensers, 75 ml. of cone. HClis added and boiling con- 
tinued for 1 hr. 

Separation of the acid fraction. The cooled solutions are 
extracted with ether (1 x 150 ml., 3 x 125 ml.), interfacial 
solid residues being discarded after vigorous shaking of the 
combined extracts. The ether solutions are submitted to the 
following procedures: (B) Washed with 100 ml. of conc. 
carbonate solution (pH 10-5 approx.), which is then dis- 
carded. (C) Shaken with 25 ml. of 2n-NaOH. (D) The 
aqueous phase, without removal from the separating funnel, 
is partially neutralized with 100 ml. of M-NaHCO,; the 
ether and aqueous phases are again shaken and the aqueous 
phaseis discarded. (Z) Washed with M-NaHCO, (1 x 25ml.), 
and water (1 x 12-5 ml.); both aqueous phases are discarded. 
The ether solutions are then distilled to dryness. When the 
24 hr. urine volume is 1250 ml. or less, one-half of the 
quantities given above are used. 

Benzene—water partition (F). The residues are dissolved in 
1-5 ml. of ethanol and transferred to separating funnels with 
25 ml. of benzene. The solutions are washed with water 
(2 x25 ml., 2x 12-5 ml.), giving an aqueous phase which 
contains oestriol. The benzene is removed in vacuo, giving 
the oestrone—oestradiol—neutral fraction. 

Preliminary purification of the aqueous phase, containing 
oestriol (G-K). The aqueous washings are treated with 
7-5 ml. of 10N-NaOH (G@), boiled for 30 min. under reflux 
(H), and extracted with 100 ml. of ether (J), this being dis- 
carded. The aqueous phase is then brought to pH 9-3-9-5 
(J) by passing CO, from a manifold into separating funnels 
containing the extracts. One limb of the manifold is led into 
a similar funnel containing 75 ml. of water and 7-5 ml. of 
10n-NaOH and thymolphthalein; this separate funnel 
serves as an indicator for the partial neutralization of the 
funnels containing urine extracts. With a manifold diameter 
of 1 in., and capillary-glass tubing of 1 mm. bore, the rate of 
gas flow into the funnels is sufficiently uniform that no 
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further check on the pH is required. These solutions are then 
(K) extracted with ether (4 x40 ml.), and the combined 
extracts washed with m-NaHCO, (1x5ml.) and water 
(2x5 ml.). The ether is then distilled, leaving the impure 
oestriol fraction. 

Chromatography of the impure oestriol fraction (L). 
Chromatograms are prepared as previously described 
(Bauld, 1955a), with the following characteristics: mobile 
phase, ethylene dichloride; stationary phase, 70% methanol; 
columns 1 em. x 10 em. are packed from a slurry containing 
1 ml. of stationary phase per g. of Celite; diameter of holes in 
packing plunger, 0-7 mm.; temp. 18+ 0-5°; percolation rate 
of solvent, 10-12 ml./hr. The residues are dissolved in 1 ml. 
of mobile phase, transferred by pipettes carefully to the 
tops of the chromatograms and allowed to pass through the 
column until the top is just dry. The transfer procedure is 
repeated twice with 1 ml. washings of mobile phase. When 
the second wash enters the chromatogram, collection of 
eluate is begun and a reservoir containing mobile phase is 
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fitted to the top of the column. The eluate from 0 to 14 ml. is 
discarded and the next 16 ml. collected giving the oestriol 
fraction. The solvent is removed in vacuo, the residue 
dissolved in 3 ml. of ethanol and a 2 ml. portion transferred 
to a colour reaction tube, quinol (50-+ 5 mg.) added, and the 
solvent removed by heating in a boiling-water bath with a 
stream of filtered air directed on the surface of the solution. 
Chromatography of the oestrone—oestradiol—neutral fraction 
(M). Chromatograms are prepared as previously described 
(Bauld, 1955a), with the following characteristics: mobile 
phase, benzene; stationary phase, 0-8N-NaOH; columns 
1 cm. x 12 cm. are packed from a slurry containing 0-8 ml. 
of stationary phase/g. of Celite; diameter of holes in packing 
plunger, 1-0mm.; temp. 18+0-5°; percolation rate of 
solvent, 10-12 ml./hr. The residues are applied to the 
chromatograms as described above for chromatography of 
the impure oestriol fraction. The eluate from 0 to 10 ml. 
(neutral fraction) is discarded, the end of the column rinsed 
with a stream of benzene, and the eluate from 10 to 30 ml. 


(A) Urine hydrolysed with HCl 


Extracted with ether 


Ether extract 
(B) Washed with conc. CO,?- soln., pH 10-5 
(C) Shaken with 2n-NaOH 
(D) m-NaHCO, added, shaken, combined aqueous 


extract discarded 


(Z) Washed with m-NaHCO, and water 


Ether evaporated 


Residue 


(F) Dissolved in ethanol: benzene (6%, v/v) 


Aqueous extract 


(G@) NaOH added 
(H) Refluxed 30 min. 


(J) Extracted with ether 
(discarded) 


(J) Aqueous to pH 9-3 


(K) Extracted with ether, washed 
with NaHCO, and water 


Ether — 
Impure oestriol fraction 
(L) Partition chromatogram 


Oestriol fraction 


(M) 


(NV) Saponified 30 min. 


Water 


Benzene 


Evaporated to dryness 


Oestrone—oestradiol—neutral fraction 


Partition chromatogram 
I 
Neutral Impure 
fraction oestradiol 





Impure 
oestrone 


(O) As for impure 


oestrone 
Acidified 
Extracted with 
benzene 
pee mn BeBe ty 
—_——— + 
Benzene Aqueous 


| 
Washed with 
CO,?-, water 


Oestrone fraction 


Fig. 1. 


Oestradiol traction 


Flow sheet of the procedure for separation of oestriol, oestrone and oestradiol-178 from urine. 
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collected, giving the impure oestrone fraction. The next 
10 ml. is discarded and the mobile phase changed to ethylene 
dichloride—benzene (3:1, v/v) and 50 ml. collected, giving 
the impure oestradiol fraction. 

Slight variations between different workers in the 
technique of packing are inevitable (Bauld, 1955a). For 
this reason the exact elution pattern of the oestrogens should 
be determined in any laboratory using this method and 
fractions taken accordingly. 

Final purification of the impure oestrone fraction (N). This 
fraction is evaporated to dryness in vacuo, boiled under 
reflux for 30 min. with 10 ml. of N-NaOH, acidified with 
1 ml..of 12N-H,SO, and extracted with benzene (1 x 20 ml.). 
The extracts are washed with 0-5mM-Na,CO, (1 x 4 ml.) and 
water (2 x4 ml.) and transferred to colour-reaction tubes. 
Quinol (50+5 mg.) is added and the solvent removed by 
heating at 80-90° in a stream of filtered air. This gives the 
oestrone fraction. 

Final purification of the impure oestradiol fraction (0). 
This is treated exactly as described above for the impure 
oestrone fraction and yields the oestradiol fraction. 


Colour development on purified extracts 


The appropriate reagent (2-6 ml. for oestradiol-178 and 
oestriol; 3-0 ml. for oestrone) is added to the oestrogen and 
quinol residues contained in test tubes (23 mm. x 150 mm.). 
These are heated for 20 min., shaken twice to ensure adequate 
mixing and solution of the quinol. The solutions are then 
cooled in a bath of cold water (approx. 15°), 50+5 mg. 
of quinol is added, and dilution carried out as follows: 
oestradiol-178, with 0-7 ml. of reagent; oestriol, with 0-7 ml. 
of water; oestrone, with 0-3 ml. of water. The tubes are then 
shaken 5-10 times and reheated for 15 min. with two 
shakings during this time to dissolve the quinol. The cooled 
solutions are transferred to 1 cm. cuvettes and their optical 
densities measured at 480, 512-5 and 545 mu. for oestrone 
and oestriol and at 480, 515 and 550 mu. for oestradiol-17£. 
These measurements can he done on the Unicam SP. 600 or 
the Beckman DU spectrophotometer; if a Beckman Model B 
spectrophotometer is used, the line voltage must be 
stabilized. Optical-density readings (D) are corrected by 
applying the following equations (Allen, 1950): 
oestriol and oestrone corrected readings 

= D525 my. ~ 3(Daso mp. + Dss5 my.) 5 
oestradiol corrected reading 
ae D535 my. 4( Deo my. * D550 mp.) 
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Precautions taken in analyses 


In this method oestrogens are being determined at a con- 
centration of approximately 5,g./l. of the original urine. 
Meticulous care must therefore be taken to avoid contamina- 
tion of glassware, mouths of reagent bottles and separating 
funnels, ground-glass joints, stoppers, air jets, etc. Experi- 
ence has shown that three types of contamination are im- 
portant and examples of these are described below. 

Heavy-metal contamination. Oestrogens in small amounts 
undergo oxidation in the presence of heavy metals. These 
reactions are of quantitative significance when microgram 
quantities of oestrogen are involved. Glassware is therefore 
kept free of dust and traces of cleaning solution. The flasks 
used for NaOH treatment become pitted in time and tend to 
retain traces of chromic acid. They are treated with chromic 
acid-sulphurice acid only when necessary, and on these 
occasions are soaked overnight in ethanol before thorough 
rinsing. 

Contaminants increasing background colour in Kober 
reaction. Quinol is used to protect the oestrogens from 
oxidation during the removal of solvents from the colour- 
reaction tubes. Care is taken to ensure that no traces of 
carbonate on the lips of separating funnels used for extrac- 
tion of oestrone and oestradiol-178 after NaOH treatment 
are carried into the Kober tubes. 

Contamination from solvents. This is an important source of 
error, and simple tests of solvent purity areapplied. Benzene 
and ethylene dichloride, after purification, must give no 
colour on being shaken with H,SO,. The residue from distilla- 
tion of 50 ml. of these solvents should give no visible colour 
with 1 ml.of H,SO,. Purified methanol and ethanol (0-2 ml.) 
should not show a perceptible colour when heated with 
oestriol reagent (3 ml.) for 5 min. in a boiling-water bath. 

In the later stages of the method, small volumes of solvents 
are used for extraction and washing. Careful attention is 
paid to quantitative transfer and the avoidance of loss. 
Special care is required in rinsing the glass bead present 
during evaporation of small volumes of solvent, since it 
frequently has most of the residue adsorbed on its surface. 


RESULTS 


Elimination from urine extracts of substances 
yielding a brown colour in the modified Kober reaction 


Examples are given in Table 1 of the degree of 
purification (expressed as percentage decrease in 





Table 1. Effectiveness of various stages in purification 


Two portions (0-1 vol.) of 24 hr. male urine specimens were purified by the procedures below; the individual stages used 
are indicated by letter references to Fig. 1 and are shown as inclusive. The appropriate colour reaction was carried out on 
the final extracts and the purification obtained in an individual stage calculated from the uncorrected optical densities 


(0.D.) at 512-5 my. as follows: 


Purification (%) = 


Stage No. of 
Expt. examined urines Procedure 1 

] J 4 A, E,F,K 

2 G 4 A, E, F, J, K 
3 I 6 A-G, J, K 

4 H 7 A-G,1,J, K 
5 L 4 A-K 

6 N 11 A-M 

7 O 5 A-M 


0.D. (procedure 1) 


0.D. (procedure 1) — 0.D. (procedure 2) 


—_ x 100. See also text. 





Purification 

oc" 
Procedure 2 Mean Range 
A, E, F, J, K 40 33-43 
A, E, F,G, J, K 41 28-57 
A-G,1,J, K 40 14-70 
A-K 60 37-78 
A-L 63 50-71 
A-N 39 20-66 
A-O 50 38-67 








492 


W. S. BAULD 


1956 


Table 2. Recovery of oestrogens added to water at different stages of the fractionation procedure 


Oestrogens in the amount shown below were added at various stages of the extraction procedure to water of the volume 
shown for the aqueous phase under Methods. The purification stages used are indicated by letter references to Fig. 1. 


See also text. 


Oestrogen Amount No. of 

Expt. added added expt. 
1 Oestriol 10, 25 10 
2 Oestriol 25 8 
3 Oestriol 10, 25 8 
4 Oestriol 150 12 
5 Oestriol 25, 150 6 
6 Oestrone 25, 50 12 
7 Oestrone 150 12 
8 Oestrone 10 12 
9 Oestradiol 25, 50 9 
10 Oestradiol 150 12 
11 Oestradiol 10 12 


gross optical density at 512 my.) obtained in 
different steps of the fractionation procedure. 
Expt. i demonstrates the purification obtained 
when the oestriol fraction was re-extracted from a 
slightly alkaline medium (pH 9-3) rather than from 
water, and Expt. 2 shows the increased purification 
resulting when this was combined with prior strong 
alkalization. Ether extraction of the strongly 
alkaline solution before the partial neutralization 
(Expt. 3) removed an additional amount of im- 
purity ; this contained 3-4 % nitrogen. Refluxing in 
n-NaOH increased the amount of extraneous 
material left in the aqueous phase; this was visibly 
apparent and is shown quantitatively in Expt. 4. 
Purification obtained in partition chromatography 
of the impure oestriol fraction is shown in Expt. 5. 
The removal of impurities by saponification of the 
impure oestrone and the impure oestradiol fractions 
is shown in Expts. 6 and 7. 

Omission of steps B—D (Fig. 1) from the complete 
procedure did not affect appreciably the purity of 
the final fractions. Their inclusion, however, mini- 
mized emulsions in the benzene—water partition 
(stage F’, Fig. 1) and markedly decreased the brown 
pigments formed on top of the oestrone—oestradiol— 
neutral chromatograms. 

Steam distillation of the hydrolysed urine, or of 
the butanol extraction before hydrolysis, gave only 
very slight and variable purification of the final 
product. In general, hydrolysis with 12N sulphuric 
acid gave less charring and more highly coloured 
ether extracts, but there was little difference in the 
purity of the final products. 


Recovery of oestrogens added to water 


The various stages in purification were included 
in the method only when it could be demonstrated 
that, in addition to their efficacy in purification, 
they caused little or no loss of oestrogen. Stage-by- 
stage investigation of the recovery of oestrogens 
from pure solution was carried out by adding known 


Recovery (%) 





Stages 


OE \ 
investigated Mean S.E. Range 
A-E 90 0-6 88-94 
F 100 1-0 97-103 
F-K 99 0-7 96-103 
L 95 0-7 91-97 
A-L 89 1-3 84-92 
A-F 98 0-5 95-100 
M 95 0-9 91-100 
N 94 0-3 92-96 
A-F 100 0-7 97-104 
M 97 1-1 91-101 
O 95 0-6 92-98 


Table 3. Recovery of oestrogens added to normal 
male urine after hydrolysis 


Oestrogens were added to acid-hydrolysed normal male 
urine (0-2 vol. of the 24hr. specimen) and the total 
oestrogen content of the urine was determined by the 
complete procedure described under Methods. Simul- 
taneous analyses (in duplicate) were carried out on the 
urine to determine its endogenous oestrogen content, this 
value being used to correct the recovery. The amounts of 
oestrogen added are expressed in terms of the 24 hr. 
specimen. Twelve experiments were carried out with each 
compound at each concentration. See also text. 





Amount Recovery (%) 

Oestrogen added 92.————*~—_- ‘ 

added (ug-) Mean+s.£. Range 
Oestriol 25 90+1-7 82-99 
Oestriol 10 8742-1 77-97 
Oestriol 5 8143-1 60-97 
Oestrone 25 90+1-5 81-100 
Oestrone 10 91+1-2 85-97 
Oestrone § 90+ 2-0 60-103 
Oestradiol 25 88+1-6 80-96 
Oestradiol 10* 7O+1-8 60-78 
Oestradiol 5* 7447-1 38-100 
Oestradiol 5 84+. 2-0 72-94 


* Step O, Fig. 1 was omitted. 


amounts of oestrogens to a volume of water equal to 
that of the aqueous phase in the particular pro- 
cedure being examined and described under 
Methods. The results of these investigations are 
shown in Table 2. 


Recovery of oestrogens added to hydrolysed urine 


Table 3 gives the results of recovery experiments 
when oestrogens were added to acid-hydrolysed 
urine (0-2 vol. of a 24 hr. normal male specimen). 
Two similar portions of the same urine were also 
analysed in order to correct the recovery figures for 
the endogenous-oestrogen content. 
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Results obtained with higher levels of oestrogen 
and an earlier version of the method have previously 
been described (Bauld, 19556). In this earlier 
procedure, the oestriol fraction was extracted with 
ether before as well as after refluxing with alkali, and 
a mild reducing agent was added during this stage. 
That these steps were unnecessary was shown in a 
series of ten experiments in which oestriol (1 yg.) was 
added to the urinary extract at step G in the present 
procedure (see Fig. 1) and was recovered to the 
extent of 92%, s.E. 1-6. Moreover, in the earlier 
experiments, the oestrone fraction was not saponi- 
fied after hydrolysis. In ten experiments with 
different urines, the recovery of oestrone (1 yg.) from 
step N was 92 %, s.E. 0-9, indicating negligible loss 
in saponification. 


Assessment of the method 


Specificity. This is determined by the absence of 
non-oestrogen chromogenic material with a peak of 
absorption between 480 and 550 mu. Fig. 2 shows 
for a typical urine the wavelength/absorption curves 
for (A) the oestriol fraction (measured), (B) the 
amount of pure oestriol calculated to be present in 
this fraction by the colour-correction formula of 
Allen (1950) (measured), and (C) the non-oestrogen 
chromogenic material of the oestriol fraction 
(obtained by subtracting B from A). The curve 
obtained for the reagent blank of the fractionation 


0-30 


Optical density 


400 420 440 ‘460 480 
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procedure (measured) is shown in (D). Similar 
results have been obtained for oestrone and oestra- 
diol fractions. This specificity was proven for all 
three fractions in a wide variety of urines from 
normal and pathological cases. Large quantities of 
phenolphthalein in the urine were not completely 
removed by the purification procedures and caused 
a non-linear response from 460 to 480 muz., so that 
urines from patients receiving this drug cannot be 
analysed by this method. 

Reproducibility. The agreement between dupli- 
cates obtained by one worker in a series of con- 
secutive analyses carried out on male and female 
urines is shown in Table 4. 

Sample analyses. The results of typical duplicate 
analyses (including spectrophotometer readings) of 
a normal female urine (9th day of cycle) and a 
menopausal female urine are shown in Table 5. 


Table 4. Variations between the results of 
duplicate analyses 


For details, see text. 


Variation (%) 











Oestrogen No.of —— 

(ug./24 hr.) Expt. Mean S.E. Range 
O-4 18 15 2-8 0-38 
4-16 36 + 0-9 0-19 

16-25 12 5 0-7 0-10 








500. 520. 540. 560 580 600 


Wavelength (my.) 


Fig. 2. 


SB 


Wavelength/absorption curves of Kober colours produced by (A) the oestrio! fraction from one-fifth of a 24 hr. 


urine excreted in the luteal phase of a normal cycle, calculated by the correction formula to contain 2-1 yg. of oestriol; 
(B) 2-1 yg. of oestriol; (C) the non-oestrogen contaminants of this oestriol fraction, calculated by subtracting (B) 
from (A); (D) the oestriol fraction reagent blank. 
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Table 5. Sample analyses 








Cale 
Optical densities measured c A — 
a = , Oestrogen 
512-5 or 545 or Corrected —__———_ 
480 mu. 515 mu. 550 mp. 0.D. ug. pg./24 hr 
Case 1. 35-year-old female, ninth day of cycle 

Oestriol 0-480 0-490 0-311 0-094 53 26-5 
0-472 0-484 0-299 0-098 D5 27-5 

Oestrone 0-432 0-411 0-300 0-045 1-4 7-0 
0-502 0-479 0-358 0-049 1-5 7-5 

Oestradiol 0-382 0-340 0-252 0-023 0-8 4-0 
0-350 0-322 0-252 0-021 0-7 3-5 

Case 2. 32-year-old female, early menopause 

Oestriol 0-135 0-115 0-070 0-012 0-7 3-5 
0-152 0-130 0-085 0-011 0-6 3-0 

Oestrone 0-290 0-240 0-170 0-010 0-3 1-5 
0-280 0-240 0-180 0-010 Os 1-5 

Oestradiol 0-147 0-123 0-090 0-005 0-2 1-0 
0-115 0-100 0-070 0-007 0-2 1-0 

DISCUSSION removed, since on oxidation they were more easily 


The hydrolysis of conjugated urinary oestrogens, 
the practicability of partition chromatography for 
fractionation of the free oestrogens, and the de- 
velopment of the basic extraction and purification 
procedure from the earlier studies of Clayton (1949) 
have already been described (Marrian & Bauld, 
1951; Bauld, 1955a, b). The method reported in 
the present communication also includes stages 
designed to remove two principal types of non- 
oestrogen chromogenic material: brown impurities 
containing nitrogen, and substances which on 
oxidation form brown products. 

The first of these two types of contaminants is 
neutral or slightly basic in reaction. It was divided 
into hydrophilic and lipophilic components in the 
benzene—water partition (step F; this and sub- 
sequent letter references are to Fig. 1). The lipo- 
philic fraction was eluted with the neutral fraction 
from the chromatogram (M) before oestrone. The 
hydrophilic neutral and basic fraction was extracted 
with ether at step J. In urines of high indican 
content, this residue contained pink and violet 
pigments which behaved on alumina chromato- 
graphy in the same way as did indigo red and indigo 
blue (cf. Rimington, 1946). Presumably this 
explains, at least in part, the nitrogen found in this 
fraction. 

The second principal type of impurity consists of 
substances very susceptible to oxidation to brown 
products. Boscott (1949) used mild reducing agents 
during extraction, but reoxidation occurs so readily 
at subsequent stages (e.g. during chromatography 
or evaporation of solvents) that his technique has 
not been used in the present method. The major 
portion of this group of impurities was readily 


extracted from ether into dilute alkali. Thus making 
the aqueous fraction strongly alkaline in step G (to 
effect oxidation) before re-extraction from pH 9-3 
markedly increased the impurities left in the weak 
alkaline phase; this is shown in Expt. 2, Table 1. 
When Brown (1952) extended the principle to the 
initial ether extraction, steps C and D were included, 
since purification at an earlier stage minimized 
emulsification during the benzene—water partition 
(#) and decreased the residue applied to the parti- 
tion chromatogram (M). Part of this type of 
impurity, however, was extractable by ether from 
dilute alkali and persisted into the final colour 
reaction. It was thought these residual contami- 
nants might be esters of phenolic acids. Since 
oestrogens are stable in boiling dilute sodium 
hydroxide (Diczfalusy, 1953; see also Table 2, 
Expts. 3, 8 and 11), saponification was tried and 
considerable purification achieved as shown in 
Table 1, Expts. 4, 6 and 7. This step was used late in 
the procedure to decrease solvent blanks and to 
minimize the possibility that substances in the 
cruder extracts might facilitate oxidation of the 
oestrogens (cf. Bauld, 19555). 

The various purification stages were adopted in 
order to decrease the non-oestrogen chromogenic 
material and thus minimize the colour correction. 
In addition, however, two of the stages (B, O) were 
included because they increased the percentage 
recovery of added oestrogens. These have previously 
been discussed (Bauld, 19556) and the improved 
recovery of oestradiol in certain urines resulting 
from the inclusion of step O is readily apparent from 
Table 3. 

Even with the extensive purification procedure, 
an appreciable amount of non-oestrogen chromo- 
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genic material is still present in the final colour 
reaction. A colour correction is therefore necessary, 
and the method proposed by Allen (1950), based on 
the geometry of similar triangles, has been found 
suitable. This correction is valid only when the 
non-specific absorption does not show a peak in the 
range over which the optical-density measurements 
are taken. Fig. 2C shows that the non-specific 
absorption is linear from 480 to 550 my. 

This linearity suggests a high degree of specificity 
for the present method. It is possible that purified 
urinary extracts may contain a non-oestrogen 
chromogen of A,,, 512 mp. High specificity is, 
however, further supported by the close agreement, 
previously reported by Marrian (1955) between 
results obtained by this procedure and those ob- 
tained by the markedly different method of Brown 
(19555). These comparisons were made when the 
impure oestrone fraction in the method reported in 
this paper was not being saponified. Under these 
conditions the brown-coloured impurities in the 
Kober reaction in Brown’s procedure were 54% 
(45-68) less for oestrone, 49% (20-61) more for 
oestriol, and 41 % (22-56) more for oestradiol, than 
in the present author’s earlier procedure (Bauld, 
19556). In spite of these wide variations in the 
residual contaminants, the results of parallel 
assays were very similar (Marrian, 1955), indicating 
the reliability of the colour correction formula of 
Allen (1950). 

The present investigation gave no indication of 
the accuracy of the complete procedure, since 
recovery experiments were carried out only with 
oestrogens added after hydrolysis. Preliminary 
investigations sugyest a loss of 5-15 % of oestradiol- 
178, and 0-10 % of oestrone and oestriol in hydro- 
lysis. The accuracy of the extraction procedure 
is apparent from Table 3. The scatter of the per- 
centage recovery increased markedly at the 
lower levels. The loss of precision in urines 
of low oestrogen content is apparent in Table 4. 
With the low optical densities, the instrument error 
caused relatively wide variations in reading, and 
the sensitivity of the method is limited to the order 
of 5-10 yg./day. 

Greater sensitivity would be obtained by the use 
of a fluorimetric method of estimation. In our 
hands, however, existing fluorimetric methods have 
been found to be very susceptible to instability or 
quenching by solvent or urinary residues. That this 
effect is common may be seen by the variety of 
correction formulae and quenching tests recently 
reported (Finkelstein, 1952; Veldhuis, 1953; 


Braunsberg, Stern & Swyer, 1955). It is therefore 
thought that at present the increased sensitivity of 
the fluorescence method is a poor substitute for the 
greater stability and specificity of the modified 
Kober reaction. 
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SUMMARY 


1. A detailed procedure for the extraction, 
separation and purification of oestriol, oestrone and 
oestradiol-178 in human urine is described. 

2. The method involves: acid hydrolysis; ether 
extraction ; separation of oestriol from oestrone and 
oestradiol-178 by distribution between benzene and 
water; purification of oestriol by saponification and 
column partition chromatography; separation and 
purification of oestrone and oestradiol-17 8 by column 
partition chromatography and saponification. The 
purified fractions are determined colorimetrically 
by an improved Kober reaction with a spectro- 
photometric correction for non-oestrogen chromo- 
genic material. 

3. The precautions necessary for satisfactory 
analyses and the efficiency of the various purifica- 
tion procedures are described. 

4. The specificity, accuracy, precision and 
sensitivity of the method are discussed. 
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The micro-Kjeldahl method of Bruel, Holter, 
Linderstrom-Lang & Rozits (1946), and the modi- 
fications of Shaw & Beadle (1949), Doyle & Omoto 
(1950), Gregg & Lovtrup (1950), and Boell & Schen 
(1954) are suitable for the estimation of 0-10- 
1-0 ng. of nitrogen in biological material, but could 
not be applied below this range. The present paper 
describes a modification of the digestion technique 
of Brue! et al. (1946), followed by the direct addition 
of the phenol-hypochlorite reagents of Russell 
(1944) to the neutralized digests. This method 
allows the estimation of 0-02-0-1 yg. of nitrogen and 
has been used to determine the total nitrogen, 
protein nitrogen and non-protein nitrogen in 
fractions of a microlitre of biological fluids. 


EXPERIMENTAL 


Digestion. The digestion method of Bruel et al. (1946), 
followed by diffusion of NH,, gave satisfactory recoveries 
from samples containing more than 0-l1yg. of N but was 
erratic below this amount: this was possibly due to occlusion 
of NH, on the vessel walls. It was therefore decided to avoid 
a transfer of NH, by performing the colour reaction directly 


Table 1. Effect of common Kjeldahl digestion 
promoters on the phenol—-hypochlorite reaction 


Promoter (0-25 ml.) was added to 1-25 ml. of a solution 
containing 8yg. of NH,;-N. The pH was adjusted to 
approx. 7-0 by NaOH and the NH; determined by the 
method of Russell (1944). 

Inhibition 
observed 


Final conen. 
of promoter 


Promoter added (%, w/v) (% 
Na.SO, 5 1 
K.SO, 2-5 0 
SeO, 0-5 1 
CuSO, 0-2 63 
HgSO, 0-2 94 
Na,WO, in 0-083 N-H,SO, 1-0 1 
FeSO, 0-2 50 
Na,SeO, 1-0 0 
H,SO, 1-0 0 
H,SO,+10% Se 1-0 0 


on the digest. The digestion promoters normally used inter- 
fered with the hypochlorite reaction (Table 1), and a modi- 
fied digestion mixture was therefore devised. Digestion for 
an hour with a mixture consisting of 10% (w/v) Se powder in 
conc. H,SO, was found to give satisfactory recoveries of 
NH, (see also Fawcett, 1954). 

Colorimetric procedure. The only colorimetric method for 
the estimation of NH; having the necessary sensitivity was 
the hypochlorite method of Russell (1944), which consists in 
heating sodium phenoxide and KCIO with the NH, at 100° 
for 5 min. at pH 12-13. In order to improve reproducibility 
Riley (1953) reduced the temperature to 70° for an hour and 
lowered the concentration of phenoxide, but the sensitivity 
of the method was halved. It was found that the amount of 
Mn?+ ions added as catalyst was critical, and the amount 
used by Russell (1944) may inhibit the reaction owing to the 
precipitation of Mn(OH),. Russell (1944) advocated a drop 
(about 50+ 10 yl.) of 0-003 M-Mn**, and this was found to be 
too near the precipitation limit, which is 60 yl. of 0-003M- 
Mn** (Table 2). The method adopted is essentially that 
described by Russell, but the concentration of Mn?+ ions 
was reduced from 0-003 to 0-002M; this was found to be 
satisfactory with strict control of the boiling time. 

Neutralization. The hypochlorite reaction is most 
sensitive at pH 12-13 (Russell, 1944); this means that the 
digestion mixture must be neutralized before addition of the 
reagents. Methyl orange was found to be a satisfactory 
internal indicator. No extra NH, was contributed by the 
methyl orange when heated with the hypochlorite reagents 
at 100°, and its light absorption at 625 my. was small. 

Absorption measurement. Absorption was measured in a 
Beckman spectrophotometer at 625 my. Samples con- 
taining more than 50 umg. of NH,-N were measured in cells 
of lem. light path, containing 100yl. (Bessey & Lowry, 
1946; Hughes, 1951). Solutions containing less than 50 umg. 
of NH;-N were measured in the capillary cells described 
below. 

Protein precipitation. Protein was precipitated by the 
Folin & Wu method (Van Slyke & Hawkins, 1928) ; trichloro- 
acetic acid was unsatisfactory. The faint yellow precipitate 
arising from excess of tungstic acid did not interfere with 
colour development; it adhered strongly to the side of the 
tube on centrifuging. 

Use of manipulator box. The atmosphere often contains 
significant quantities of NH,. Every precaution was taken 
to reduce contamination from the air to a minimum. 


Table 2. Effect of Mn?+ on the phenol—hypochlorite reaction 


Volume of 0-003 M-MnsSO, (pl.) ioe aan 0 10 
0-270 0-325 


Optical density (625 my., 1 em.) with 8 yg. 
of NH,-N (total volume, 10 ml.) 


0-365 


20 30 40 50 60 70 80 90 
0-370 0-370 0-370 0-370 0-360 0-340 0-330 
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Smoking, and the release of NH, in or near the laboratory, 
was avoided. To reduce the chance of contamination from 
the air the neutralization of the digest was carried out in a 
manipulator box (Towers and Co., Widnes, Lancs), equipped 
inside with two dishes containing conc. H,SO,. Many of the 
reagents were stored in bottles in this box. In addition, 
reagent bottles incorporated a trap containing dil. H,SO,. 

Pipettes. Pipettes for the delivery of the sample, digestion 
mixture, Mn?+ catalyst and indicator were made from boro- 
silicate capillary tubing of external diam, 2-5-3-0 mm. and 
internal diameter 0-25-0-30 mm. They were about 15 cm. 
long and had a finely drawn-out tip (5 cm.) for reaching 
the bottom of the reaction tubes (Fig. 1). Pipettes were cali- 
brated by weighing with Hg, except for the sample pipette, 
which was calibrated by a flame-photometric method. 
Similar pipettes with shorter tips were used for the delivery 
of the sodium tungstate reagent for protein precipitation. 
Phenoxide, hypochlorite and water were delivered by 
Matson ultra-micropipettes; their tips were drawn out to a 
length of about 5cm. All pipettes were operated by the use 
of rubber mouthpieces (Fig. 1). Glass-wool plugs soaked in 
dil. H,SO, were inserted between the mouthpieces and the 
pipettes. The fragile tips were protected from breakage and 
contamination, when not in use, by fitted glass-tube sheaths 
and corks. A small rubber bung at one end, and a rubber 
sheath at the other, excluded air. All pipettes, except the one 
used for the delivery of the acid, were treated with DC. 1107 
silicone fluid (Midland Silicones Ltd., London). A 2% (v/v) 
solution of this fluid in carbon tetrachloride was sucked 
inside the pipette, excess of fluid blown out, and after 
draining, the pipette was dried in the oven at 100° for 2 hr.; 
the outer tips were also treated with silicone. 

Burettes. A Gilmont ultra-microburette (Emil Greiner 
Co., New York), capacity 10yl., graduated in 0-01 yl. 
divisions, was used for the adjustment of pH. The tip was 
drawn to a very fine point, the last 5 cm. having an external 
diameter of 0-5 mm. This enabled the tip to reach the bottom 
of the reaction tubes without touching the sides. It was 
silicone-treated on the outside. 

Digestion apparatus. The total procedure was carried out 
in small Pyrex-glass reaction tubes 4-5 cm. long, internal 
diameter 2-5 mm. (calibrated at 30, 100 and 200 ul. volumes). 
They had ground-glass joints and could be fitted either with 
an acid trap or a small glass stopper. The acid traps were 
20 mm. long and contained a 10 mm. plug of glass wool 
soaked in 10N-H,SO,. For digestion the tubes were im- 
mersed in a bath of H,SO,, which was a modification of that 
of Bruel et al. (1946), and which stood on a 3 cm. square 
copper block, which was heated with a microburner to 
300+5°. The bath was 2-5 em. high by 1-5 cm., and had a 
constriction at 1 cm. height and contained 0-5 ml. of the 
acid digestion mixture. It held five digestion tubes. 

Stirrer. The finely drawn tip of the 101. Gilmont ultra- 
microburette was made to act as its own stirrer. A length of 
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Fig. 1. Ultra-micropipette in protective sheath. A, rubber | 


bung; B and £, corks; C, pipette; D, glass outer sheath ; 
F, rubber connexion; G, glass-wool plug soaked in dilute 
H,SO, and fitted in glass tube; H, rubber end; J, rubber 
mouthpiece. 
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Pt wire (5 cm.) was fastened to the protruding prong of an 
electric razor and the razor and wire attachment were held 
by a boss and clamp so that the wire vibrated against the 
ultra-microburette, striking it about 6 cm. from the tip. The 
fragile tip enabled easy centering in the reaction tubes and 
the vibration prevented any solution from creeping up the 
walls of the tubes. 

Centrifuge tubes. Ultra-microcentrifuge tubes were made 
from capillary tubing of 1-2 mm. internal diameter, 4-0 mm. 
external diameter. They were 12-5 mm. long and had a 
funnel mouth for the last 2-5 mm. length which increased to 
3-0 mm. diameter. They contained 10 zl. 

Capillary cells. These cells were made from 3 in. external 
diameter polytetrafluoroethylene rod (Fluon or Teflon, 
British Rubber Co., Manchester). They were drilled with a 
1-25 mm. drill, making a hole concentric with the periphery 
of the rod, 5 em. long. Since Fluon tended to warp, the rod 
was made to fit tightly into thin brass tubing. Glass end- 
plates were fitted on either side and were held by rubber 
washers and brass ends that screwed in and made a liquid- 
tight joint (see Fig. 2). The cells were held in a special holder 
essentially as described by Kirk (1950). The volume con- 
tained in the cells was 100ul., compared with 160yl. 
required by the cells described by Kirk, Rosenfels & Hanahan 
(1947). 

Reagents. Ammonia-free water was prepared from 
laboratory distilled water in a Parnas apparatus by distilling 
twice over dil. H,SO, and a few crystals of KMnO,. This 
water was then passed through a 10 cm. column of Permutit. 
The Permutit was regenerated by shaking it first with a 
warm 1% NaOH solution, and then washing with a 2% 
acetic acid solution (Folin & Bell, 1917). Water containing 
more than 0-05 wg. of NH,/ml. was rejected. All reagents 
were prepared with this water. 

The digestion mixture was prepared by adding 5g. of 
spectrochemically pure selenium powder (Johnson, Matthey 
and Co., London) to 50 ml. of N-free H,SO, (British Drug 
Houses Ltd.) in a flask fitted with an acid trap to prevent 
NH, uptake. The mixture was then boiled for 2-3 hr. in a 
fume cupboard, until the colour turned a very pale yellowish 
green. 

Sodium tungstate in 0-083N-H,SO, was made up 
freshly each week according to Van Slyke & Hawkins 
(1928). 

The alkaline phenoxide reagent was made up freshly each 
day, and kept in a brown bottle at 0° when not in use. 
Recrystallized phenol (1 g. A.R.) was wetted with 0-5 ml. of 
water, and cooled in ice. 2-0 ml. of 5-4N-NaOH was stirred 
in and the final volume made up to 4 ml. with water. 

The hypochlorite reagent was made up monthly from 
reagent-grade calcium hypochlorite as described by Russell 
(1944), and stored at 0°. 
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Fig. 2. Diagram of capillary cell. A, positioning screws; 
B, end screw; C, glass end-plate; D, rubber gasket; 
E, capillary; F, Fluon rod; G, brass outer case. 
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Methyl orange (0-04%) was made up in 40% (v/v) re- 
distilled ethanol to prevent bacterial growth. 
Manganese sulphate (0-002). 





Procedure 


Measurement of sample. Samples (0-5-1-0 ul.) were placed 
on a 0-5 in. diameter silicone-treated watch glass placed on 
a microscope stage in the manipulator box with the lid 
removed. The watch glass was surrounded by moist filter 
papers, the manipulator box being used to prevent draughts 
and contamination. The sample was then drawn by mouth 
into the sample pipette which was made so that 0-5yl. 
represented a column at least 40 mm. in length. The tip was 
carefully wiped with tissue paper, and a check made 
whether any air was drawn in near the pipette tip. If so the 
sample was gently blown by means of the acid-trap attach- 
ment until the liquid column was continuous from the tip. 
A very small mark was then made on the pipette with a very 
sharp glass pencil to indicate the position of the meniscus 
with a x 16 magnification microscope for observation. The 
sample was transferred to the bottom of the reaction tube, 
without touching the sides; the pipette was then washed out 
with 0-5). of water and the washings were added to the 
reaction tube. The volume of the sample was measured as 
follows. Sodium chloride soln. (0-100M) was drawn into the 
pipette until the mark was reached. It was then blown into 
2 ml. of water (prepared by passing freshly distilled water 
through an Amberlite 120H cation-exchange column). 
After mixing with a pin stirrer the Na content was estimated 
with a Beckman flame photometer provided with a photo- 
multiplier and an oxygen—hydrogen flame, by the use of a 
volume calibration curve. This was repeated at least six 
times. Some results obtained with this method are shown in 
Table 3. 

This method was more rapid than other methods, such as 
diluting p-nitrophenol (Lowry, Roberts, Leiner, Wu & Farr, 
1954) or measuring the chloride content (Wigglesworth, 
1937). 

Protein precipitation. Non-protein N was determined 
after precipitation of the protein by the Folin-Wu method; 
5yl. of 10% (w/v) sodium tungstate in 0-0833N-H,SO, 
was pipetted into an ultra-microcentrifuge tube followed by 
the sample to be analysed (about 0-51.) and one 0-5 yl. 
washing of the pipette. A small glass bead rested on top of 
the tubes to prevent contamination by atmospheric NH. 
The tubes were centrifuged at 3000 g for 15 min. in a small 
centrifuge. A 3-Oyl. sample of the supernatant liquid was 
removed by capillary action, care being taken not to touch 
the sides of the tubes. This solution was then treated as for 
total N determinations. 

Digestion. The sample was delivered to the bottom of the 
reaction tubes, followed by lyl. of digestion mixture 
delivered by a pipette untreated with silicone. The stoppers 
were replaced immediately, and the tubes centrifuged at 
3000 g for 5 min. This ensured that no acid or sample 


Table 3. Results showing accuracy of the flame- 
photometric method of measurement of volume 


Expt. no. a I 2 3 
Mean +s.E. (l.) 0-48+0-006 0-53+0-007 1:30+0-11 
No. of results 8 8 7 


i 
Range (yl.) 0-470-0-495 0-520-0-545 = 1-27-1-33 
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adhered to the side of the tube. The tubes, stoppers, and acid 


traps were transferred by clean forceps. Blanks and 
standards were run at the same time as the sample. Am- 
monium sulphate solution, prepared as described by Vogel 
(1951), was used as a standard (1 ul.=50umg. of NH,-N). 
The tubes were fitted with acid traps and placed in the oven 
at 110° for 1 hr. to remove excess of water. (It is important 
that the oven should be used only for the present analytical 
work, and not for any other purpose.) When the bulk of the 
water had evaporated the tube stoppers were replaced and 
the tubes centrifuged for 5 min. The stoppers were replaced 
by acid traps, and the tubes placed in the H,SO, bath, 
which was then fitted into the copper block, and heated at 
300°+5° for an hour. After digestion the acid traps were 
replaced by stoppers, and the acid adhering to the outside 
walls was rinsed off by a stream of water. After careful 
wiping with tissue paper, the tubes were centrifuged for 
5 min. 

Titration. To the digest were added 5-Oyl. of water, 
0-5 ul. of methyl-orange solution and 0-5 yl. of manganese 
catalyst. The tubes were centrifuged for 5 min. with stoppers 
replaced. They were then placed in small beakers of crushed 
ice in the manipulator box, the top of the box was fastened 
down, and the rest of the manipulations were carried out 
from the outside by means of rubber gloves. Each tube of 
a series was placed under the tip of the 10 ul. Greiner ultra- 
microburette by means of a small boss and clamp, and 
raised so that the burette tip reached almost to the bottom 
of the reaction tube, care being taken that it touched 
neither the bottom nor the sides of the tube. Sodium 
hydroxide (5N) was slowly added, first at the rate of 2 ul./ 
min. for the first 6ul., with constant stirring. Subsequent 
addition of NaOH was made at the rate of about 0:5 ul./min. 
until the indicator matched the colour of a comparison tube 
at the side. After every 0-5 yl. addition of NaOH the tube 
was cooled by surrounding it with ice for 30 sec. The com- 
parison tube was made by titrating 8-01. of an identical 
acid mixture to pH 5-0. Approximately 7-Oyl. of NaOH 
was required. The type of burette used enables 0-001 yl. 
delivery to be made; an overshoot of 0-01 ul. gives a pH of 
12-0, but with a little practice a pH between 5 and 12 is 
readily achieved. If the solution is kept cold no NH, is lost 
at pH 12. After titration, the tubes were immediately 
inserted in beakers of crushed ice, the total amount of NaOH 
used was noted, and water was added to bring the volume up 
to 15 yl. The tubes were then stoppered and removed from 
the manipulator box. 

Colour development. Immediately after removal from the 
manipulator box, 10yl. of freshly prepared sodium phen- 
oxide which had been cooled for the previous 30 min. in ice 
water was added to the bottom of the reaction tubes by 
means of a Matson ultra-micropipette followed by 5-0 yl. of 
hypochlorite solution which was also ice-cooled. The 
mixture was stirred by the pin stirrer. The tubes were then 
stoppered and placed in a boiling-water bath for exactly 
5 min., after which they were removed and immediately 
plunged into an ice bath. The cooled samples were stirred 
again by the pin stirrer. When the colour, as judged by eye, 
indicated that over 50 pg. of NH,-N was present, the sample 
volume was brought up to 100ul. by means of a 1 ml. 
Greiner ultra-microburette; if below, the volume was made 
up to 2001. The samples were then stirred by the pin 
stirrer and, with stoppers replaced, the tubes were centri- 
fuged for 15 min. 


| 
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Colour measurement. The 100 wl. samples were transferred 
to the Bessey & Lowry (1946) cells, and the more dilute 
solutions were transferred to the capillary cells as follows. 
The cell with one end-plate in place was held horizontally, 
and a very fine pipette holding the solution was inserted to 
the end. The cell was now slowly turned through 90° and the 
solution allowed to fall by gravity from the pipette, the 
pipette being slowly drawn out from the cell, its tip being 
kept just below the top of the liquid. A small drop (about 
2 yl.) was left at the capillary top, and the other end-plate 
was screwed in. The cells were then held up to a bright light 
to detect any air bubbles. Fluon cells are not easily wetted 
with aqueous solution, but with practice air bubbles can be 
avoided. The capillary cells were aligned as described by 
Kirk (1950). Measurement was made for both systems at 
625 mp. with a Beckman DU spectrophotometer with 
photomultiplier attachment at its lowest voltage position. 
The signal was developed across a 22 MQ resistor in the 
photomultiplier housing. A slit width of 0-3 mm. was used. 


Accuracy and sensitivity 


The accuracy of the method was tested by making 
a series of eighteen determinations of 50mg. 
quantities of nitrogen, each determination being 
accompanied by its own blank. Similar groups of 
four determinations were made with each of a range 
of ammonia nitrogen standards (Table 4). These 
results were examined statistically by Dr R. B. 
Fisher, who reported as follows: 


An analysis of variance was carried out on the 18 determi- 
nations of 50 umg. quantities of ammonia and their paired 
blanks, partitioning the variance between that due to (i) 
differences between determinations and blanks, (ii) that due 
to differences between successive pairs of measurements (the 
sum of the determinations and the corresponding blanks), 
and (iii) the residual variance due to random error. This 
analysis shows that the variation between different pairs is 
greater than that accounted for by the random error. There 
is just over 5% chance that this greater variance could be 


Table 4. Results obtained for standard 
ammonium sulphate curves 


Ammonium sulphate samples were added to the digestion 
tubes and the NH,-N content was determined as described. 
Each result is the average of four determinations. The mean 
and standard deviations are calculated to the nearest 
0-005 optical density. 


NH;-N Stan 
(umg.) (mean +S.E.) 
5 0-04-40-01 
10 0-08 +0-01 
15 0-12+0-01 
20 0-16+40-01 
25 0-20+0-015 
30 0-24+0-015 
40 0-32 +0-02 
50 0-40 + 0-02 
75* 0-24+0-01 
100* 0-32 +0-01 


* Measured in Bessey & Lowry (1946) cells. The rest 
were measured with the capillary cells. 
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due to sampling error. This is in agreement with the sug- 
gestion that there is some variable factor in the different 
determinations which influences experimental and blank 
measurements in parallel. The standard deviation of an 
individual measurement of extinction coefficient (£), 
eliminating variance due to difference between experimental 
and blank series and to differences between pairs, is + 0-018 
(17 degrees of freedom). This corresponds to a standard 
deviation of a single difference between the experimental L 
value and its blank of +0-025#. The mean difference 
between the experimental and blanks of EF in this set is 
0-378 E. 

A set of four series of the four determinations of each of 
5, 10, 15 and 20umg. quantities of ammonia was also 
analysed, the differences between experimental Z value and 
its blank being examined. The standard deviation of a single 
measurement was +0-008# (12 degrees of freedom). The 
mean difference between experimental and blank values of 
E was 0-101. There is thus no indication that the estimates 
of ammonia become less reliable as the amount estimated 
falls. It seems more probable that the error is proportional 
to the measured differences in FE. 


The estimations show that the difference in E 
between experimental and blank is directly pro- 
portional to the ammonia nitrogen content in the 
range 5-150 umg. (Fig. 3), 0-1 corresponding to 
13-2 umg. for a 5cm. light path. The statistical 
analyses show the standard deviation for a single 
determination is not greater than + 6-5 % (50 wmg. 
or above) and +8 % (5-20 wmg. series) of the mean 
value of EH observed. The errors affecting both the 
ammonia nitrogen and blanks together are probably 
due to ammonia from the air, and show the im- 
portance of running a blank in parallel with each 
determination. Blank determinations on the 
reagents carried through the whole procedure have 
consistently given values in the range 22-0—27-0 umg. 
of nitrogen. Of this about 10 umg. of nitrogen was 
contributed by the reagents before digestion. The 
colour due to the absorption of methyl orange at 
625 mp. gave a value equivalent to 5yumg. of 


Optical density (625 my.) 





0 50 100 150 
NH; nitrogen ( 4£mg.) 


Fig. 3. Calibration graph with (NH,),SO, standards. O, 
Capillary cells, volume to 200 ul., slit width 0-3 mm., 
measured at 625 mu.; @, Bessey & Lowry (1946) cells, 
volume to 100 yl., slit width 0-3 mm., measured at 625 mp. 
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Table 5. Comparison of nitrogen determinations by the Conway method and the ultra-micro method 


B, Bessey & Lowry (1946) cells; C, capillary cells. 


Material examined 

Total N 
Non-protein N 
Protein N 
Total N 


Human cerebrospinal fluid 
Human cerebrospinal fluid 
Human cerebrospinal fluid 
Bovine serum albumin 


Cat cerebrospinal fluid Total N 
Human serum (diluted 100 times) Total N 
Insulin Total N 
Casein Total N 
Egg albumin Total N 
Human serum (diluted 250 times) Total N 


Non-protein N 
Protein N 
Total N 


Human serum (diluted 4 times) 

Human serum (diluted 250 times) 

Human cerebrospinal fluid 
(diluted 4 times) 

Human cerebrospinal fluid 
(diluted 4 times) 


Non-protein N 





Vol of Mean N content 
sample used Mean N found of sample 

(ul.) (umg.) (umg./pl.) 

A ” c K Y A a 

Cell Ultra- Ultra- Ultra- 

used Micro’ micro Micro micro Micro’ micro 
B 50-0 0-50 11 100 110 222 220 
B 50-0 0-50 8 000 82 160 164 
B 50-0 0-50 3 100 28 62 56 
B 100-0 1-00 14 500 146 145 146 
B 100-0 1-00 25 500 250 255 250 
B 100-0 0-90 10 000 88 100 98 
Cc 250-0 0-48 17 300 38 70 76 
Cc 250-0 0-48 15 900 32 64 65 
Cc 250-0 0-48 15 700 32 63 65 
C 100-0 0-53 4 500 25 45 48 
C 100-0 0-53 12 200 62 122 117 
Cc 100-0 0-53 4 280 24 43 46 
Cc 100-0 0-53 8 250 43 83 80 
Cc 100-0 0-53 7 000 32 70 64 
C 100-0 0-53 1 250 11 13 16 


Human cerebrospinal fluid Protein N 


(diluted 4 times) 


nitrogen. In addition, approximately 10mg. of 
nitrogen appeared when the full digestion was 
carried out, and probably comes mainly from the 
air and organic nitrogen in the reagents. 

The total nitrogen in diluted human cerebro- 
spinal fluid determined by the method of Conway 
(1947) in eight 10 ml. samples was 74 umg./pl., with 
an s.pD. of + 2-0 umg./l., and by the present method 
with eight 1-0 yl. samples, was 73-8 + 2-5 umg. Good 
agreement was also obtained between the two 
methods for total, non-protein and protein nitrogen 
of human cerebrospinal fluid and serum, and the 
total nitrogen of insulin, casein, egg albumin, and 
bovine serum albumin (Table 5). The results shown 
are the mean of triplicate determinaticns by both 
methods. 


DISCUSSION 


The most sensitive and accurate ultra-micro 
method for determining organic nitrogen to date 
has been the method of Bruel e¢ al. (1946). Other 
workers have modified this method (Shaw & Beadle, 
1949; Doyle & Omoto, 1950; Boell & Schen, 1954), 
but difficulties were still encountered in many 
laboratories (Linderstrom-Lang, 1952). The main 
difficulty in using this method for the determination 
of 20-100 umg. of nitrogen was that the high blank 
of 30mg. was reproducible only to +7 mg. of 
nitrogen, and the other that the distillation of 
ammonia was found to be erratic below 100 umg. 
The present method therefore has the following 
advantages over that of Bruel et al. (1946). (a) The 
reactions up to the final development of colour are 
all carried out in the same tube, thus avoiding 


transference of digest and a diffusion stage. (b) The 
time for digestion is reduced from 6 to 1 hr., and 
with the use of acid traps much contamination from 
the air is avoided. (c) The method is applicable to 
a range five times smaller. Measurements in the 
capillary cells need practice, because the cells are 
difficult to fill. The beginner must expect to spend 
a week or so in acquiring the necessary skill by 
carefully practising the instructions given in this 
paper. The capillary cells, however, are used only at 
the lower limits of the method, below 50 pmg., which 
is already below the amounts measured by the 
method of Bruel et al. (1946). 

The method can be easily applied as a micro 
method by increasing the volume of the reagents 
100-fold, and then determining 1-0—10 yg. of nitro- 
gen. Nospecial apparatus is required other than that 
normally used for the micro-Kjeldahl method. For 
instance, it was found readily applicable for deter- 
minations of total nitrogen in 20-50 yl. samples of 
cerebrospinal fluid and diluted serum. 


SUMMARY 


1. Details are given of an ultra-micro method to 
estimate organic nitrogen, consisting of a digestion 
with sulphuric acid containing selenium as a 
catalyst, and direct addition of Russell’s reagents 
after neutralizing the digest. 

2. The method is applicable to a range five times 
smaller than any previous method. The standard 
error of a single determination is not greater than 
+6:5% at 50ymg. of nitrogen or over, and is 
+84% for the range 5-20 umg. of nitrogen. 
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3. The method is readily applicable to the micro 
scale (1:0-10yg. of nitrogen), when no special 
apparatus is required. 

The author wishes to express his thanks to Professor 
H. A. Krebs, F.R.S., and Dr D. E. Hughes for their interest 
in this work, and to Dr R. B. Fisher who carried out the 
statistical analyses. 
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Preparation of Highly Potent Intrinsic Factor Mucoprotein 


By A. L. LATNER, R. J. MERRILLS anp LAUREEN RAINE 
Department of Pathology, King’s College, University of Durham, in the Royal Victoria Infirmary, 
Newcastle upon Tyne 


(Received 8 November 1955) 


Knowledge of the chemical identity of intrinsic 
factor (Castle, 1929) remained incomplete for a 
relatively long time. It was realized to be a protein 
because it was thermolabile, precipitated by 
ammonium sulphate and retained in an ultrafilter. 
Only recently, however, has it been shown to be a 
mucoprotein. Evidence for this has emanated from 
several laboratories. Glass, Boyd, Rubinstein, 
Svigals & Chevalley (1951) noted that the glandular 
mucoprotein fraction from gastric juice had a 
number of properties similar to intrinsic factor, 
which they suggested might belong to the same 
chemical class. Preparations of glandular muco- 
protein from human gastric juice produced clinical 
improvement when administered orally with 
cyanocobalamin to patients with pernicious anaemia 
(Glass, 1953). This activity was so low when com- 
pared with other clinically potent preparations that 
it could only be inferred that glandular mucoprotein 
and intrinsic factor were not the same (Welch & 
Heinle, 1951; Castle, 1953; Schilling, 1954; Williams, 
Ellenbogen & Esposito, 1954). The latter, therefore, 
was either an impurity in the glandular preparations 
or part of a complex and not necessarily a muco- 


protein. Also preparations of glandular muco- 


protein made at different times varied in chemical 
composition (Glass, 1955). 

Independently, in our own laboratory, evidence 
was produced which pointed to the probable 


mucoprotein nature of intrinsic factor (Latner, 
Ungley, Cox, McEvoy-Bowe & Raine, 1953). By 
means of a preparative paper-strip electrophoresis 
technique, it was possible to fractionate human 
gastric juice and to demonstrate that the segment 
of paper containing the intrinsic factor activity 
stained with periodic acid—Schiff’s reagent, a 
histological stain used to demonstrate mucopoly- 
saccharides and mucoproteins. Later the electro- 
phoresis technique was used to fractionate a crude 
concentrate of pig intrinsic factor (Latner & 
McEvoy-Bowe, 1953; Latner, 1955) and to obtain 
active solid material. The potency tested by the 
faecal-excretion test with radioactive cyanocobala- 
min (Heinle, Welch, Scharf, Meacham & Prusoff, 
1952; Callender, Turnbull & Wakisaka, 1954) 
indicated (Latner, Merrills & Raine, 1954a) that the 
material was more active than other preparations 
then described. Chemical analysis demonstrated 
that the fractions obtained in this way were largely 
composed of mucoprotein. 

We have also briefly described another technique 
of preparation of potent mucoprotein material from 
dried pig-stomach powder (Latner, Merrills & 
Raine, 19546). This proved to be of the same order of 
activity as our best material prepared by electro- 
phoresis. Moreover, it was homogeneous after 
paper-strip electrophoresis at different pH levels, 
a well as in the ultracentrifuge (Latner, 1955). On 
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the basis of these findings we concluded that 
the material was pure; we now know this to be 
incorrect. 

More recently, Williams et al. (1954) prepared a 
mucopolypeptide in a state of high purity which had 
well-marked intrinsic factor activity when given to 
patients with pernicious anaemia in relapse. 

Recently, Andresen (1954) reported the prepara- 
tion of a complex of a mucoprotein with cyano- 
cobalamin which was clinically active in patients 
with pernicious anaemia. The complex was at first 
thought to be pure because of its behaviour in the 
ultracentrifuge. Dr Andresen very kindly supplied 
us with some of his material, and we found it did not 
behave as a pure substance during passage through 
an ion-exchange column or on paper electrophoresis. 
Observations with the classical electrophoresis 
technique also gave evidence of heterogeneity 
(Andresen & Skouby, 1955), and it was claimed that 
further purification yielded the pure complex. 
Diffusion data seemed to support this claim 
(Holdsworth & Otteson, 1955). Unfortunately, the 
pure substance had not been tested for intrinsic 
factor activity. 

Further investigation of our own material (Latner 
etal. 1954b) by ion-exchange column techniques also 
gave evidence that it was not a single substance. 
This has led to the development of a preparative 
column technique which has resulted in an even 
more active preparation (Latner, Merrills & Raine, 
1955). These new findings have somewhat delayed 
detailed publication of our methods of preparation, 
but we now feel we have carried the fractionation 
sufficiently far to merit such a report. 


METHODS 


Biological activity. The potency of the material was 
assayed by the faecal-excretion technique (Heinle et al. 1952; 
Callender et al. 1954). Radioactive cyanocobalamin (0:5 yg.) 
was given to a patient with pernicious anaemia in remission, 
and the amount of radioactivity present in the faeces 
estimated over the next week or so, until a specimen was 
obtained which contained only 1% of the original dose. In 
this way it was possible to determine the amount of vitamin 
absorbed. The test was then repeated with the same amount 
of radioactive vitamin and a known amount of the intrinsic 
factor preparation. The increase in intestinal absorption 
over that with the vitamin alone was a measure of the 
intrinsic factor activity. 

Blood-group substance activity. The agglutination- 
inhibition tests (Morgan & King, 1943) were carried out on 
A, erythrocytes and anti-A serum with blood-group sub- 
stance A as standard. 

Column chromatography. Amberlite IRC50 analytical- 
grade ion-exchange resin was dried overnight in a hot-air 


oven at 45°, to render the particles brittle, and ground in a 


ball mill until it would pass through a 100-mesh sieve. The 
sieved powder was stirred with water at room temperature 
and allowed to settle for 15 min., and the supernatant 
cloudy fluid decanted off. By repeating this procedure 
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twice more it was possible to remove most of the material 
which had been ground too finely. The resin was then puri- 
fied according to the general directions given by Hirs, Moore 
& Stein (1953). 

The resin was now equilibrated with a solution containing 
0-2 g.mol. of NaH,PO,,2H,O and 3ml. of n-NaOH/L., 
giving a pH of 4-9 (buffer A). A short column of resin, 
3 cm. x3 cm., supported on a no. 4 porosity sintered-glass 
disk, was used for the preparative work. The column was 
formed by pouring a slurry of resin with the buffer in four 
portions, air pressure of 10 lb./sq.in. being applied at the top 
of the column after each addition in order to pack the resin. 
Material for chromatography was dissolved in the buffer A 
for application to the column and initial elution was also 
carried out with buffer A. Later fractions were eluted with 
a solution at pH 5-2 containing 1-0 g.mol. of NaH,PO,,2H,0 
and 70 ml. of n-NaOH per litre (buffer B). For both eluent 
buffers, the A.R. phosphate used was recrystallized twice 
from water, in order to bring the ultraviolet absorption to 
a level low enough to allow estimation of the protein content 
of the fractions by absorption at 275 mp. 

Electrophoresis. The paper-electrophoresis technique has 
already been described (Latner, 1952). The staining tech- 
nique, however, has been elaborated to demonstrate pro- 
teins and mucoproteins on the same strip. The strips pre- 
viously stained with Naphthalene Black 12B 200 (I.C.1. 
Ltd.) were scanned (Latner, Molyneux & Rose, 1954) and 
photographed. Each stained strip was then immersed in 
0-5 % periodic acid for 5 min. with occasional shaking and 
rapidly washed in 70% (v/v) ethanol. The strip was now 
covered with a reducing solution of 5% Na,S,O0, and 5% KI 
in 0-01N-HCI, left for 8 min. and again rapidly washed in 
70% (v/v) ethanol. It was now immersed in Schiff’s reagent 
(Lillie, 1948) for 20 min. and then placed for 2 min. in 
0-1N-HCl containing 0-01% of Na,S,0,; after two rapid 
washings with acetic acid it was dried in air. The muco- 
proteins appeared as blue-purple bands. During the 
procedure the original Naphthalene Black staining was 
dissolved out completely. 

Paper chromatography. Ascending two-dimensional paper 
chromatography was carried out by the technique of Datta, 
Dent & Harris (1950). For the amino acids, the solvent 
systems phenol/water/NH, and collidine—lutidine/water/ 
diethylamine were used. For the sugars, the ammonia and 
diethylamine were omitted. The temperature was controlled 
at 22°. For amino acids, chromatography was carried out on 
0-25 mg. of material after hydrolysis in sealed tubes with 
6N-HCI for 10 hr. at 100°. The amino acids were detected by 
dipping the papers in an acetone solution of ninhydrin 
(Toennies & Kolb, 1951). For sugars, chromatography was 
carried out on 1 mg. of material after hydrolysis in sealed 
tubes with 0-5N-HCl for 12 hr. at 100°. The sugars were 
detected by dipping the papers into a solution of aniline 
hydrogen phthalate in acetone. 

Total nitrogen. Determined by the Kjeldahl method with 
the micro-diffusion apparatus of Conway (1939). 

Hexosamine. After hydrolysis in sealed tubes with 3N- 
HCl at 100° for 15 hr., the Belcher, Nutten & Sambrook 
(1954) modification of the method of Elson & Morgan (1933) 
was used, 

Tyrosine and tryptophan. Estimated from the ultraviolet 
absorption in 0-1N-NaOH, by means of the equations of 
Goodwin & Morton (1946). 

Fucose. Determined by the Cy R10 reaction of Dische & 
Shettles (1948). 
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Preparations 


All aqueous solutions were maintained at 5°, either in a 
cold room or in a refrigerated centrifuge. 

Preparation of crude concentrate. This was prepared from 
dried stomach powder (Armour) by a technique similar to 
one already described (Williams et al. 1954). The extract of 
the dried powder in 2% (w/v) NaCl was, however, immedi- 
ately raised to 55% saturation with (NH,),SO,. The 
resultant precipitate was centrifuged off and dialysed in 
running water until free from ammonium salts. The dialysed 
solution was freeze-dried and gave a powder which was a 
mixture of the materials obtained separately by Williams 
et al. (1954) at 33 and 55% saturation. 

Preparation of intrinsic factor mucoprotein. A smooth 
suspension of the crude concentrate was obtained by adding 
200 ml. of a 2% NaCl solution in small successive portions 
to 10 g. of the powder whilst stirring. The suspension was 
allowed to stand for 30 min., and then centrifuged in an 
angle centrifuge (M.S.E.) at 13000 rev./min. (20000 g) for 
lhr. The resultant clear supernatant liquid (174 ml.) was 
decanted off and fractionated by a procedure almost 
identical with that of Prusoff, Welch, Heinle & Meacham 
(1953). A.R. (NH,),SO, (45-5 g.) was added in small 
portions at a time, with constant stirring to produce a 
saturation of approximately 35%. After standing for 
30 min. the mixture was again centrifuged at 20000 g for 
30 min. The supernatant liquid (184 ml.) was decanted off 
and a further 23g. of (NH,),SO, added to it in small 
portions with stirring, thus bringing the percentage satura- 
tion to approximately 55%. The precipitate which formed 
was separated by high-speed centrifuging for 30 min., 
dissolved in 10 ml. of distilled water, and the solution ultra- 
filtered through a sac made from Visking membrane until 
its volume was reduced to approximately one-fifth. 
Distilled water (8 ml.) was now added with mixing and 
ultrafiltration continued until the liquid in the sac was 
again small in volume. It was demonstrated that during the 
last stage of ultrafiltration very little ammonia was present 
in the ultrafiltrate. The residue in the ultrafilter was again 
diluted to 10 ml. with distilled water and the heavy pre- 
cipitate which had formed during ultrafiltration removed 
by high-speed centrifuging. It was known from a parallel 
experiment that the supernatant contained material which 
showed only a single boundary in the ultracentrifuge (Fig. 1) 
after removal of very small amounts of precipitate at 
pH 2-0 and 5-5. Since there was a possibility that the lower 
pH might cause some chemical change,.and since the pre- 
cipitates obtained in the parallel experiment were almost 
negligible in quantity, it was decided to omit these precipi- 
tations. NaH,PO,,2H,O (0-31 g.) was dissolved in the 
supernatant liquid and the pH adjusted to 4-9 by the addi- 
tion of a few drops of N-NaOH. This solution was applied to 
the column of IRC50, already equilibrated with buffer 
solution A. The rate of flow was adjusted so that the material 
took approximately 45 min. to soak into the column. 
Buffer solution A was then applied as eluent at a flow rate of 
10 ml./hr., and the effluent fractions were collected in 
volumes of 10 ml. by means of an automatic fraction 
collector. After 26 fractions had been collected, the 
eluent solution was changed to buffer solution B at 
pH 5-2. The effluent was collected for a further 24 frac- 
tions, each 10 ml. in volume. The absorption at 275 muy. 
was determined for each fraction in a spectrophotometer 
(Unicam SP. 500). 
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In this way, the results shown in Fig. 2 were obtained. It 
will be seen that part of the material applied to the column 
appeared in the effluent soon after the hold-up volume, and 
that a second peak appeared during elution with buffer 
solution B. This peak covered fractions 29-36, with a little 
trailing. Fractions 2, 3 and 4 were pooled, saturated with 
(NH,).SO,, allowed to stand for 30 min. in the cold room 
and the resultant precipitate was centrifuged off. This was 
dissolved in 10 ml. of distilled water, and concentrated to 
a small volume by ultrafiltration through Visking mem- 
brane. A further 10 ml. of distilled water was added and 
ultrafiltration continued. This process of ultrafiltration and 
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Fig. 1. Sedimentation diagrams of material similar to that 
applied to column. From above downwards, 20, 40 and 
60 min. after full speed, 54000 rev./min. (1% solution in 
phosphate buffer, pH 8-0; J =0-2 +0-15m-NaC)). 
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Fig. 2. Extinctions at 275 my. of fractions (10 ml.) from 
column of IRC 50 (3cm.x3cm.; hold-up volume 
9-0 ml.). 
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dilution was repeated until the ultrafiltrate no longer 
contained ammonia demonstrable by Nessler’s reagent. The 
small residue in the ultrafilter was made up to 10 ml. with 
distilled water, centrifuged until completely clear, and 
freeze-dried. This yielded 60 mg. of a white powder, which 
we shall refer to as ‘peak one material’. 

Fractions 30-34 inclusive were similarly combined, pre- 
cipitated with (NH,),SO,, dissolved in distilled water, and 
ultrafiltered. After being clarified by centrifuging and 
freeze-drying, the ultrafilter residue yielded 38 mg. of an 
off-white powder. Preliminary observations (Latner, 1955) 
had indicated that this would have intrinsic factor activity, 
and it was decided to attempt to fractionate it further by 
precipitation with cold ethanol. Throughout this fractiona- 
tion the temperature was maintained as near to —10° as 
possible. 25 mg. of the material was dissolved in 2-5 ml. of 
distilled water, cooled in ice and rapidly poured with stirring 
into an equal volume of cold 40% (v/v) ethanol. The 
resultant mixture was allowed to stand for 1 hr., during 
which time a precipitate appeared almost immediately and 
gradually became more dense. The precipitate was centri- 
fuged off in the refrigerated-angle centrifuge for 30 min. at 
10000 rev./min., and the supernatant rapidly decanted into 
another tube. The precipitate was washed with 1 ml. of 
cold 20% (v/v) ethanol, centrifuged off, and freeze-dried, 
yielding 14 mg. of a faintly buff-coloured powder. This 
material will be subsequently referred to as ‘intrinsic factor 
mucoprotein’. 

To the supernatant solution from the original ethanol 
precipitation, a further 3-3 ml. of cold ethanol (final concen- 
tration 50% v/v) was gradually added with stirring. The 
solution was allowed to stand for 30 min., during which time 
a precipitate gradually formed, which was centrifuged off 
at low temperature, washed with 1 ml. of cold 50% ethanol, 
again centrifuged, and freeze-dried, yielding 3 mg. of a 
faintly buff-coloured powder. The supernatant from the 
50% ethanol precipitation was also freeze-dried, yielding 
1 mg. of white powder. 





RESULTS 
Biological activity 
The results obtained in the faecal-excretion tests are 
shown in Table 1. The ‘peak one material’, not 
shown in Table 1, proved completely inactive. A 
dose of 0-5 mg. of the intrinsic factor mucoprotein 
produced a mean increase of absorption of 0-15 yg. of 
ceyanocobalamin. For comparison, results obtained 
in the same patient with material which had 
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previously been tested clinically (Thompson & 
Latner, 1955) are also shown. At a dosage of 2 mg. 
this gave a mean increase in absorption of 0-25 yg. 
Provided that the result obtained is below the 
maximum of which the patient is capable, the 
increase in absorption is proportional to the dose of 
intrinsic factor material administered (Baker & 
Mollin, 1955; Callender & Evans, 1955). Our 
patient had a maximum absorption of 0-4yug. of 
cyanocobalamin under the conditions of the test. 
Therefore 0-5 mg. of the clinically tested material 
would have brought about a mean increased 
absorption of the vitamin of 0-06 yg. This is approxi- 
mately two-fifths of the figure obtained with 0-5 mg. 
of the intrinsic factor mucoprotein. The latter was, 
therefore, approximately two and a half times as 
active as our earlier clinically tested material. 


Blood-group substance activity 


The blood-group substance activity of the 
intrinsic factor mucoprotein proved to be extremely 
low. It was only 3 % or less of the activity of blood- 
group substance A. 


Paper electrophoresis 


The results of paper electrophoresis of the intrinsic 
factor mucoprotein (0-3mg.) in 0-05m sodium 
phosphate buffer at pH 8-0 and 6-4 are reproduced in 
Fig. 3. For comparison the results obtained with 
equal amounts of the Andresen (1954) protein- 
cyanocobalamin complex and pure y-chymotrypsin 
are also shown. The latter are included to show that 
the spread of the intrinsic factor mucoprotein band 
at each pH level was not more than would be 
expected from a protein of similar composition 
(cyanocobalamin complex) or of low molecular 
weight (y-chymotrypsin). The paper strips relating 
to intrinsic factor materials were stained for 
mucoprotein, but the resultant picture differed 
only in colour from that obtained with Naphthalene 
Black staining alone. The chymotrypsin was 
stained with Naphthalene Black only. It will be seen 
that at both pH values the intrinsic factor muco- 
protein gave a major single band appearing on the 
cathode side of the line of application. There was also 


Table 1. Results obtained with intrinsic factor mucoprotein (IF M) and clinically tested material (CT M) 
in faecal-excretion tests with radioactive cyanocobalamin (By) 


Material administered 
0-5 pg. of By» 


0-5 ug. of By. +0-5 mg. of IFM 


0-5 pg. of B,. +2-0 mg. of CTM 


Increase due to 


Absorption of By» intrinsic factor 


0-19 
0- 
0- 


(ug-) (#8) 
0-03 
wor} (mean =0-05) — 
0-05 
at (mean = 0-20) 0-15 


ou 


3 } (mean = 0-30) 0-2: 
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a scarcely detectable narrow band just on the anode 
side. Judging from the intensity of staining, this 
represented at the most some 5-10 % of the original 
material. It is interesting to note that the intrinsic 
factor-cyanocobalamin complex contained a re- 
latively large amount of mucoprotein impurity. 

Although the 50% alcohol precipitate seemed 
nearly as biologically active as intrinsic factor 
mucoprotein, its behaviour on electrophoresis 
indicated an appreciably greater proportion of 
impurity. 


Line of application 





té.. 68. bee, 
<= Cathode 


Fig. 3. Results of paper-strip electrophoresis in 0-05m 
sodium phosphate buffer (Whatman no. 100; 16 hr.; 
120v). (a) Intrinsic factor mucoprotein at pH 6-4; 
(b) intrinsic factor mucoprotein at pH 8-0; (c) cyano- 
cobalamin—protein complex at pH 8-0; (d) chymotrypsin 
at pH 8-0. 
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Fig. 4. Two-dimensional chromatogram obtained with 
carbohydrate constituents of intrinsic factor muco- 
protein. 
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Chemical analysis 

The chromatogram obtained from the carbo- 
hydrate constituents of intrinsic factor mucoprotein 
is illustrated in Fig. 4. Fucose, galactose and 
mannose were detected as well as a fourth spot 
which was either glucosamine, or chondrosamine, or 
both. The identification of these spots has been 
confirmed by adding known sugar solutions 
separately to samples of hydrolysate. The hexos- 
amine spot gave the Elson & Morgan reaction. 

The amino acids detected were: alanine, serine, 
glycine, threonine, valine, methionine, leucine/ 
isoleucine, cysteine, tyrosine, phenylalanine, pro- 
line, arginine, lysine, aspartic and glutamic acids. 
There was possibly a spot in the position which 
would have been occupied by hydroxyproline. This 
was so faint, however, that we were not really sure 
of its presence. In any case we feel that if present in 
such small amount it may have arisen from a small 
quantity of a collagen derivative present as a 
contaminant. 

Quantitative analysis of the intrinsic factor 
mucoprotein gave the results shown in Table 2. The 
figures have been corrected to dry weight. The values 
for fucose, tryptophan and tyrosine are consistent 
with a calculated minimum molecular weight of 
between 12000 and 16000. In the ultracentrifuge, 
material similar to that fractionated on the column 
showed only a single component (Fig. 1). Even after 
a prolonged period of sedimentation, 1-5 hr. at 
approximately 250 000g, the boundary had not 
separated completely from the meniscus and con- 
sequently no attempt was made to calculate a 
sedimentation coefficient. The behaviour is con- 
sistent with a molecular weight of the order of 
15000 or rather less. 


DISCUSSION 


The intrinsic factor mucoprotein we have described 
appears essentially homogeneous when tested by 
paper-strip electrophoresis at different pH levels, as 


Table 2. Analytical data of intrinsic factor 
mucoprotein 


Moisture content was determined by heating at 105° for 
18 hr.; other analyses are corrected to dry weight. 


Calculated 
Content minimum 
Component (%) mol.wt. 
Moisture 3-5 =< 
Sodium (flame photometer) <1-0 
Potassium (flame photometer) Not detected - 
Nitrogen 11-2 — 
Hexosamine 5-8 — 
Tyrosine 2-4 7 500 
Tryptophan 1-3 16 000 
Fucose 1-4 12 000 
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well as when examined by column chromatography. 
Since it was prepared from a fraction not obviously 
heterogeneous in the ultracentrifuge, the isolated 
mucoprotein is probably of similar homogeneity ; an 
assumption supported by the fact that there has 
been no breakdown on the column of IRC 50, since 
the molecular weight has not been changed by this 
procedure. Unfortunately, the small amount of 
material still in our possession precludes observation 
of its sedimentation behaviour. 

Although it would appear that the mucoprotein is 
now highly purified, we hesitate to claim the exact 
degree of purity, since we were previously (Latner 
et al. 1954a) misled by the physical behaviour of 
similar material. It is interesting to note that in 
contrast to the earlier (Latner et al. 19546) material 
the blood-group substance activity of the present 
intrinsic factor mucoprotein is slight. It would 
appear that the activity demonstrated in the 
earlier preparation was mainly, if not entirely, 
due to contamination. Other workers have demon- 
strated that the blood-group substance activity 
of potent concentrates does not run parallel to 
intrinsic factor activity (Baal, Wijmenga & Hart, 
1955). 

Our earlier fraction gave minimal clinical re- 
sponses after ten daily doses of 1 mg., given together 
with 5yg. of cyanocobalamin, and maximal re- 
sponses when the daily dose of intrinsic factor 
material was increased to 4mg. (Thompson & 
Latner, 1955). We have evidence that maximum 
response was also obtained when the daily dosage of 
the concentrate was reduced to 3 mg. The faecal- 
excretion tests with radioactive cyanocobalamin 
indicated that this clinically tested material had 
two-fifths of the activity of intrinsic factor muco- 
protein. In so far as it is possible to calculate, one 
could anticipate therefore that intrinsic factor 
mucoprotein would produce maximal clinical 
response, under our conditions of testing, at a daily 
dose of the order of 1-0 mg. This is of the same order 
of activity as that found for the complex prepared by 
Andresen (1954). 

That the mucoprotein is now several times more 
active than our previous best material does not 
necessarily mean that the latter has been concen- 
trated approximately threefold. At various stages 
of purification, fractions have been found to be 
more biologically active than their yield would lead 
us to expect. It seems highly probable that one or 
more of the impurities in intrinsic factor concen- 
trates inhibit cyanocobalamin absorption in the 
intestine. It is known that the vitamin combined 
with certain proteins may be rendered unavailable 
to an animal species from which the proteins were 
not derived (Coates et al. 1955). It is interesting to 
note that the ‘peak one material’ that we obtained 
by column chromatography had no intrinsic factor 
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activity but inhibited absorption of cyanocobalamin 
in the rat (Latner & Merrills, unpublished observa- 
tions). This type of inhibition rather than a species 
specificity of intrinsic factor might explain the 
depression of intestinal absorption of the vitamin in 
this animal produced by human gastric juice and a 
pig intrinsic factor concentrate (Clayton, Latner & 
Schofield, 1955). 

Three substances with intrinsic factor activity 
have now been prepared from pig stomach in a state 
approaching purity. The molecular weight of the 
mucopolypeptide (Williams et al. 1954) is of the 
order of 5000, that of the cyanocobalamin-—protein 
complex 79 000 (Holdsworth & Otteson, 1955) and 
that of our own mucoprotein is approximately 
15 000. It is possible that intrinsic factor activity 
is possessed by a number of different substances 
in the pig-stomach mucosa, but it is by no means 
unlikely that these substances may be derived 
from each other. The mucopolypeptide may well 
be produced from the mucoprotein by the splitting 
off of the protein moiety. This would be in 
accord with the fact that the hexosamine content 
of each of the two substances bears an inverse 
relationship to the molecular weight. The intrinsic 
factor mucoprotein has almost the same hexos- 
amine content as the complex and very similar 
biological activity. This suggests that the muco- 
protein might be the structural unit of the protein 
moiety of the complex. 


SUMMARY 


1. A mucoprotein has been obtained from dried 
pig-stomach powder by a technique involving 
ammonium sulphate precipitation, chromatography 
on a column of IRC50 and fractionation with cold 
ethanol. 

2. It was homogeneous after paper-strip electro- 
phoresis at pH 6-4 and 8-0, and the fraction from 
which it was prepared was almost homogeneous in 
the ultracentrifuge. 

3. The mucoprotein would appear to have a 
molecular weight of approximately 15000. 

4. A dose of 0-5mg. proved effective in the 
faecal-excretion test with radioactive cyano- 
cobalamin. 


We are grateful to Dr E. Lester Smith, of Glaxo Labor- 
atories, for supplies of radioactive cyanocobalamin and to 
Professor W. T. J. Morgan for pure blood-group substance A 
and anti-A serum. Ourstarting material was kindly supplied 
by Dr T. H. Jukes, of Lederle Laboratories Division. The 
ultracentrifuge observations were carried out by Dr R. A. 
Kekwick. 
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Species Differences in the Conjugation of Free Bile Acids 
with Taurine and Glycine 


By J. BREMER* 
Norsk Hydro’s Institute for Cancer Research, The Norwegian Radium Hospital, Oslo, Norway 


(Received 10 November 1955) 


Several investigations indicate that no free bile 
acids are normally found in the bile, but only acids 
conjugated with taurine and glycine (Haslewood & 
Sjovall, 1954; Norman, 1954). It is also known that 
the bile acids are reabsorbed mainly in the con- 
jugated form from the intestine (Norman, 1955; 
Portman & Mann, 1955). 

In different species the bile acids are found con- 
jugated with taurine and glycine in various pro- 
portions (Haslewood & Sjévall, 1954; Haslewood, 
1955). Thus rabbit and pig bile contain almost 
exclusively glycine-conjugated acids, whereas rat 


* Fellow of the Norwegian Cancer Society, Oslo, Norway. 


and bird bile contain only taurine-conjugated acids. 
In man and primates both conjugates are found in 
variable proportions. 

Bergstr6m & Gloor (1954) found that mainly 
taurine-conjugated acids were formed in human- 
liver homogenates when both taurine and glycine 
were available for conjugation with free bile acids. 
The same preference for taurine has been demon- 
strated in rat-liver homogenates (Bremer, 1955a). 
The enzyme system of rat liver performing the 
conjugation of free bile acids with taurine and 
glycine is confined to the microsomal particles of the 
liver cell (Bremer & Gloor, 1955; Bremer, 1956). 
The isolated microsomes perform this conjugation 
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in the presence of adenosine triphosphate (ATP), 
coenzyme A and Mg?* ions, probably with S- 
cholyl-coenzyme A (cholyl-S-Co A) as an inter- 
mediate (Bremer, 1956). 

It is not known whether the species differences in 
the bile content of taurine- and glycine-conjugated 
acids are due to differences in the availability of 
taurine and glycine or to differences in the enzyme 
patterns of the livers. 

In the present paper comparative studies on the 
conjugation of free bile acids with taurine: and 
glycine are reported. The isolated microsomal 
fractions of rat, rabbit and chicken liver were used. 
The effect of conjugated bile acids on the conjugation 
has also been investigated. The results are discussed 
in relation to cholesterol catabolism. 


EXPERIMENTAL 


Materials. Taurine was labelled with *S according to 
Eldjarn (1951), and the synthesis was kindly performed by 
L. Eldjarn and P. Fritzson at this Institute. The [1-1C]- 
glycine was obtained from the Joint Establishment for 
Nuclear-Energy Research, Norway. Crystalline ATP 
(potassium salt) and 75% pure coenzyme A were obtained 
from Nutritional Biochemicals Corporation, U.S.A. The 
pure bile acids were kindly supplied by Dr Arne Norman, 
University of Lund, Sweden. 

Incubation experiments. The microsomal fractions from 
rat, rabbit and chicken liver were prepared as earlier 
described (Bremer, 1956). The isolated microsomes were 
suspended in 10% sucrose and pipetted as such. Micro- 
somes from approximately 500 mg. of liver (0-3 ml. of 
suspension) were added to each vessel. The following con- 
centrations were maintained during the incubation: 
potassium phosphate buffer (pH 7-4), 0-022m; ATP, 
0-0067M; coenzyme A, 0-0001m (0-1 mg. of 75% pure 
coenzyme A/ml.); Mg*+, 0-001M; potassium fluoride, 
0-2Mm. Taurine, glycine and bile acids were added as stated 
under the individual experiments. Total volume per vessel 
was 1-5 ml., and incubation time was 90 min. at 37°. The 
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reaction was stopped by immersing the vessels for 0-5 min. 
in boiling water, and the conjugated acids were extracted 
with 4 vol. of n-butanol as earlier described (Bremer, 19555). 

Estimation of amount of conjugated acids formed. The 
conjugation of the free bile acids was followed by means of 
the taurine labelled with *S and the [1-'C]glycine as earlier 
described (Bremer, 19556). No corrections for self-absorp- 
tion were made. In the experiments in which the effect of 
adding conjugated bile acids was investigated (Figs. 2-5), 
these acids were extracted into the butanol. Control experi- 
ments showed that the resulting increase in self-absorption 
reduced the measured radioactivity of the butanol extracts 
by at most 10% when 10umoles of glycocholic acid were 
added to the incubation mixture before extraction. The 
inhibiting effect of the conjugated acids therefore could not 
be due to increased self-absorption in the radioactivity 
measurements. 

To calculate the amounts formed of the respective con- 
jugated acids, the partition coefficient of the different acids 
between butanol and water was determined as earlier 
described (Bremer, 19556). The partition coefficients are 
shown in Table 1. From these coefficients and the radio- 
activity content of the butanol extracts, the formation of 
conjugated acids per vessel was calculated. 

Identification of reaction products. The butanol extracts 
were chromatographed on paper according to Sjévall (1954). 
The spots on the paper were located by means of a strip 
counter, and the localization of the radioactivity was com- 
pared with the localization of spots obtained in parallel 
runs with pure synthetic conjugated bile acids. Fig. 1 shows 
that almost all the extractable radioactivity in the experi- 
ments with deoxycholic and cholic acid was located at the 
correct R»p values in the chromatograms. The identity of the 
reaction products in the experiments with cholanic and 
dehydrocholic acid was not verified with certainty. 


RESULTS 


Efficiency of taurine and of glycine as substrates 


Table 2 shows that with rat-liver microsomes the 
conjugation of cholic acid with taurine was more 
than twice as efficient as the conjugation with 


Table 1. Hatraction of different conjugated bile acids with n-butanol 


Portions of the butanol solutions (0-5 ml.) of biologically labelled conjugated bile acids were equilibrated with 1-5 ml. of 
0-1m phosphate buffers. The total radioactivity of the butanol portions was assumed to be in the water phase before 


equilibration. The counts are given as duplicate determinations in this and other tables. 


Conen. in 


Counts/min. in Counts/min. in butanol 
0-1 ml. of H,O 0-1 ml. of butanol Partition coeff. _ phase/initial 
Acid pH before extraction after extraction butanol-H,O concen. in H,O 

Glycocholic 1 169 176 510 454 ~18 2-8 
Glycocholic 6-5 169 176 440 417 ~10 2-5 
Glycocholic 7-2 169 176 426 415 ~9 2-4 
Glycocholic 8-0 169 176 457 399 ~10 2-5 
Glycodeoxycholic 7-2 1200 1190 3660 3775 ~48 3-1 
Glycodehydrocholic 7-2 296 281 780 707 ~12 2-6 
Glycocholanic 1 230 238 692 705 ~23 3-0 
Taurocholic 7-2 at OT 175 154 ~ 6 2-1* 
Taurodeoxycholic 7-2 232 231 694 ~ 32 3-0 
Taurodehydrocholic 7-2 49 122 mee 9.5 


* Formerly found: 2-0 (Bremer, 1955b). 
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glycine. The conjugation with glycine was almost 
totally depressed when enough taurine was available, 
although addition of glycine did not significantly 
decrease the conjugation with taurine. These 
results confirm earlier work on the taurine—-glycine 
relationship in rat-liver homogenates (Bremer, 
1955a). Rat liver has been shown to contain con- 
siderable amounts of free taurine (Awapara, 1955; 
Bremer, 19556). The results therefore seem to 
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explain why rat bile contains almost exclusively 
taurine-conjugated acids (Norman, 1954). 

A different picture was found with rabbit-liver 
microsomes. The conjugation with glycine was of 
the same order as in the rat, but only traces of 
taurine were conjugated. The glycine conjugation 
was not significantly depressed by added taurine. 
Awapara (1955) has reported that rabbit liver does 
not contain any detectable amounts of taurine. This 



























Solvent front—> 


Paper chromatographic identification of the radioactivity of the butanol extract. Volumes of 0-1 ml. were put 
A, B, C and D show the positions of taurine (and glycine), taurocholic, taurodeoxycholic and of 


glycocholic acid respectively in the reference chromatograms. 


Table 2. 


Conjugation of cholic acid with taurine and glycine in the presence of 


rat-, rabbit- and chicken-liver microsomes 


Microsomes from approx. 500 mg. of liver were incubated in 0-022 potassium phosphate buffer (pH 7-4) with potassium 
fluoride (0-2mM), magnesium sulphate (0-001m), coenzyme A (0-15 pmole/vessel), ATP (10umoles/vessel), cholic acid 
(2 umoles/vessel) and taurine and glycine (as tabulated). Total volume, 1-5 ml.; incubation time, 90 min. at 37°. 


Cholic acid 
conjugated with 
[**S]taurine or 
with [C]glycine 
(umole) 


Net counts/min./ 
0-1 ml. of 
butanol extract 


Animal Taurine and glycine additions 

Rat 0-8 pmole of [*°S]taurine = 17 400 counts/min./vessel 1445 1370 0-49 0-46 
0-8 pmole of [*°S]taurine + 2-5 wmoles of inactive glycine 1170 1170 0-40 0-40 
1 umole of [14C]glycine = 130 000 counts/min./vessel 4040 4280 0-18 0-19 
1 pmole of [!4C]glycine + 2-5 uwmoles of inactive taurine 330 290 0-02 0-01 
Rabbit 0-8 pmole of [**S]taurine = 17 400 counts/min./vessel 53 «60 0-02 0-02 
0-8 umole of [*5S]taurine + 2-5 umoles of inactive glycine 27 «34 0-01 0-01 
1 umole of [!4C]glycine = 130 000 counts/min./vessel 2840 2990 0-13 0-14 
1 pmole of [14C]glycine + 2-5 zmoles of inactive taurine 2575 2735 0-12 0-13 
Chicken 0-8 pmole of [*°S]taurine = 28 000 counts/min./vessel 125 139 0-03 0-03 
0-8 umole of [*S]taurine + 2-5 umoles of inactive glycine 118 139 0-03 0-03 

1 umole of [14C]glycine = 230 000 counts/min./vessel 0 0 0 0 

0 0 


1 umole of [14C]glycine + 2-5 wmoles of inactive taurine 0 0 
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might explain why only traces of taurine-conjugated 
acids are found in rabbit bile (Ekdahl & Sjévall, 
1955), but the present results indicate that the 
rabbit also lacks the specific enzyme for taurine 
conjugation. 

With microsomes from chicken liver there was a 
smali but significant formation of taurocholic acid. 
Haslewood & Sjévall (1954) have reported that no 
glycine-conjugated acids could be detected in bird’s 
bile. The enzyme for glycine conjugation appears to 
be lacking in the chicken liver. 

It is impossible to state whether the small 
activity found in chicken liver expresses a lower 
conjugating capacity in this species. The incubation 
conditions used have been found to be optimum for 
rat-liver microsomes, but they have not been 
systematically tested for chicken and rabbit liver. 
A different localization of the conjugating-enzyme 
system within the chicken-liver cell could not 
explain the low activity in the chicken experiment, 
as addition of particle-free supernatant or of mito- 
chondria had no significantly stimulating effect. 


Table 3. 
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Efficiency of different bile acids as substrates 


The main bile acid of the rat is cholic acid, and 
deoxycholic acid is the main bile acid in the rabbit. 
It was of interest, therefore, to investigate whether 
the nature of the free bile acid might influence the 
speed of the conjugation. Table 3 shows that in the 
rat and in the rabbit there were no great differences 
in the amounts of conjugated acids obtained when 
cholic and deoxycholic acids were used as sub- 
strates; with trioxocholanic acid smaller amounts of 
conjugated acids were obtained. Table 3 also shows 
that cholanic acid with no substituents in the steroid 
nucleus may serve as substrate in the conjugation. 
The amounts of conjugated cholanic acid obtained 
cannot be compared with the amounts obtained 
with the other free bile acids, since cholanic acid is 
almost completely insoluble in water at pH 7-4. It 
was not possible to identify the reaction products, 
but in analogy with the behaviour of deoxycholic 
acid (Fig. 1) it may be presumed that no hydroxyl- 
ation occurred. 


Conjugation of different free bile acids with taurine and glycine 


in the presence of rat- and rabbit-liver microsomes 


Microsomes from approx. 500 mg. of liver were incubated in 0-022 M potassium phosphate buffer (pH 7-4) with potassium 
fluoride (0-2), magnesium sulphate (0-001 m), coenzyme A (0-15 pmole/vessel), ATP (10 pmoles/vessel), bile acid (2 zmoles/ 
vessel) and [*S]taurine (0-8 pmole/vessel = 17 400c/min./vessel) or [14C]glycine (1 zmole/vessel = 130 000 c/min./vessel). 


Total volume, 1-5 ml.; incubation time, 90 min. at 37°. 


Animal Substrates added 


Rat Cholic acid 
Taurine 
Deoxycholic acid 
Taurine 
Dehydrocholic acid 
Taurine 

Cholanic acid 
Taurine 

Cholie acid 
Glycine 
Deoxycholic acid 
Glycine 
Dehydrocholic acid 
Glycine 

Cholanie acid 
Glycine 


Cholie acid 
Glycine 


Rabbit 


Deoxycholic acid 
Glycine 
Dehydrocholie acid 
Glycine 

Cholanic acid 
Glycine 


* The relation 


conen. in butanol phase 
initial conen. in H,O 


Net counts/min./ Conjugated 
0-1 ml. of acids formed 
butanol extract (umole) 


862 865 0-30 0-30 


1050 1175 0-24 0-27 
283 280 0-08 0-08 

79 80 0-02 0-02* 
2125 2150 0-10 0-10 
3575 3680 0-13 0-14 
800 885 0-04 0-04 
260 235 0-01 0-01 
1865 1795 0-09 0-08 
1205 2740 0-05 0-10 
925 945 0-05 0-05 


575 0-02 0-02 


was assumed to be 3-0. 
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In the paper chromatogram (Fig. 1) an elongated 
spot of the reaction product of trioxocholanic acid 
and taurine was obtained. This spot was eluted from 
the chromatogram and the ultraviolet absorption 
spectrum in concentrated sulphuric acid was 
determined (Sjévall, 1955). The eluted compound 
(or compounds) gave a distinct absorption maximum 
at 305-310 mu.; the trioxocholanie acid used did 
not give this absorption maximum. Keto bile acids 
do not give any characteristic absorption spectra in 
concentrated sulphuric acid, but hydroxy bile acids 
give absorption maxima at about 310 or 390 mz. 
or both (Eriksson & Sjévall, 1955). These results 
indicate that a reduction of one or more keto groups 
in the trioxocholanic acid had taken place during the 
incubation. Such reductions of keto bile acids are 
known to take place in liver slices (Kataoka, 1941). 


Influence of conjugated bile acids on conjugation 


It has previously been found that taurocholate 
inhibits the conjugation of cholic acid with taurine 
in rat-liver homogenates (Gloor, 1954; Bremer & 
Gloor, 1955). Fig. 2 shows that glycocholate also 
inhibited the formation of taurocholic acid. 

The conjugation presumably involves at least 
two steps with cholyl-S-Co A as an intermediate 
(Bremer, 1956; Elliott, 1955). Hydroxylamine is 
known to be a trapping agent of coenzyme A- 
activated carboxyl groups, and the formation of 
cholohydroxamic acid in the presence of hydroxyl- 


4 
N 


[*S]Taurocholate (umole) 





0 2 4 6 8 10 
Concentration (jzmoles/vessel) 


Fig. 2. Effect of increasing concentrations of taurocholate, 
glycocholate and of cholate on the formation of [*5S]- 
taurocholate. Microsomes from approx. 500 mg. of liver 
were incubated in 0-022m potassium phosphate buffer 
(pH 7-4) with potassium fluoride (0-2mM), magnesium 
sulphate (0-001M), coenzyme A (0-1 umole/vessel), ATP 
(10 pmoles/vessel), cholic acid (1 zmole/vessel) and [*5S]- 
taurine (0-8 wmole/vessel =50 000c/min./vessel). Curve 
A: 1-11 pmoles of cholic acid/vessel; curve B: 0-9 pmoles 
of glycocholie acid/vessel; curve C’: 0-9 umoles of tauro- 
cholic: acid/vessel; curve D: 1-5umoles of taurocholic 
acid + 1-10 moles of cholic acid/vessel. Total volume, 
1-5 ml.; incubation time, 90 min. at 37°. 
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amine will therefore be a measure of the cholyl-S- 
Co A formation. Fig. 3 shows that the formation of 
cholohydroxamic acid was depressed by the added 
tauro- and glyco-cholie acids, indicating that the 
conjugated acids interfered with the first step of the 
reaction. The inhibition of hydroxamic acid forma- 
tion also indicates that the transfer of the choly! 
group from coenzyme A to taurine or glycine is 
irreversible, since in the presence of conjugated 
acids and coenzyme A a reversal of this transfer 
should lead to an increased formation of cholo- 
hydroxamic acid. Fig. 2 also shows that addition of 
cholic acid did not diminish the inhibiting effect of 
taurocholate. 

Figs. 4 and 5 show the effect of coenzyme A on the 
taurocholate inhibition of the glycocholate syn- 
thesis. Curve A (Fig. 4) shows that taurocholate had 
the same inhibiting effect on the glycocholate 
-synthesis as on the taurocholate synthesis (Fig. 2). 
Curve B shows that an increase of the coenzyme A 
concentration from 0-05 to 0-4 umole/vessel did not 
increase the glycocholate synthesis, while curve C 
shows that the same increase of the coenzyme A 
concentration almost doubled the glycocholate 
formation in the presence of 1-5ymoles of tauro- 
cholate. In Fig. 5 a similar experiment is plotted 
according to Hunter & Downs’s (1945) method, 
which distinguishes between competitive and non- 
competitive inhibition. The product J.«/(1—«) 
increased with increasing concentration of coenzyme 
A. These results indicate that taurocholate at least 
partly inhibited the formation of glycocholate by 
competing with coenzyme A. 


Cholohydroxamic acid (mole) 





1 3 5 7 9 
Taurocholate (smoles/vessel) 


Fig. 3. Effect of increasing concentrations of taurocholate 
and of glycocholate on the formation of cholohydroxamic 
acid. Microsomes from approx. 500 mg. of liver were incu- 
bated in 0-022m potassium phosphate buffer (pH 7-4) 
with potassium fluoride (0-2m), magnesium sulphate 
(0-001 m), coenzyme A (0-1 zmole/vessel), ATP (10 pmoles/ 
vessel), cholic acid (1 pmole/vessel) and hydroxylamine 
hydrochloride (50 zmoles/vessel). Curve A : 0-6 umoles of 
taurocholic acid/vessel; curve B: 0-9yumoles of glyco- 
cholic acid/vessel. Total volume, 1-5 ml.; incubation 
time, 90 min. at 37°. 
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m 





01 02 03 04 
Coenzyme A 
(amole/vessel) 


1 2 3 

Taurocholate 
(~moles/vessel) 
Fig. 4. Effect of taurocholate and of coenzyme A on the 
formation of [?4C]glycocholate. Microsomes from approx. 
300 mg. of liver were incubated in 0-022m potassium 
phosphate buffer (pH 7-4) with potassium fluoride 
(0-2m), magnesium sulphate (0-001m), ATP (6pumoles/ 
vessel), cholic acid (1 pmole/vessel), [1*C]glycine (1 zmole/ 
vessel = 230000 counts/min./vessel). Curve A: 0-1 umole 
of coenzyme A+0-3ymoles of taurocholic acid/vessel; 
curve B: 0-05-0-4 pmole of coenzyme A/vessel; curve C: 
1-Spmoles of taurocholic acid+0-05-0-4umole of 
coenzyme A/vessel. Total volume, 1-5 ml.; incubation 

time, 30 min. at 37°. 


The similarity in the configuration of the side 
chain in taurocholate and the end group in coenzyme 
A may possibly explain this competition. 


Coenzyme A: 
R-CO-NH-CH,-CH,-CO-NH-CH,-CH,-SH. 
Taurocholate: 
R’-CH(CH;)-CH,-CH,-CO-N H-CH,-CH,-SO,H. 


It was not investigated whether glycocholate also 
inhibited by competing with coenzyme A. 


DISCUSSION 


These results indicate that two different acyl- 
transferring enzymes catalyse the transfer of the 
bile acyl group from coenzyme A to taurine and to 
glycine. If the transfer were catalysed by one 
enzyme only, the specificity of this enzyme would be 
totally different in rat, rabbit and chicken. A more 
reasonable explanation, therefore, would be the 
existence of two different transferring enzymes, 
both of which are found in rat liver, and one in 
rabbit and the other in chicken liver. 

In the closely related hippuric acid synthesis, 
glycine cannot be replaced by taurine or B-alanine 
(Sarkar, Fuld & Green, 1951). [4C]-8-Alanine has 
also been tested as substrate in the conjugation of 
cholic acid (Fritzson & Bremer, unpublished results) 
and it was found that rabbit-liver microsomes did 
not conjugate this amino acid with cholic acid, 
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0-1 0-2 0-3 0-4 
Coenzyme A (fmole/vessel) 


Fig. 5. Effect of coenzyme A on the inhibition by tauro- 
cholate of the formation of [!4C]glycocholic acid. Micro- 
somes from approx. 300 mg. of liver. were incubated in 
0-022m potassium phosphate buffer (pH 7-4) with 
potassium fluoride (0-2M), magnesium sulphate (0-001), 
ATP (6pmoles/vessel), cholic acid (1 mole/vessel), 
[4C]glycine (1 pmole/vessel = 230000 counts/min./vessel), 
coenzyme A _ (0-05-0-4mole/vessel). Total volume, 
1-5 ml.; incubation time, 30 min. at 37°. The inhibiting 
effect of taurocholate in different concentrations (0-3, 
0-6, 1-5 and 3-0umoles/vessel) was determined in the 
presence of increasing concentrations of coenzyme A. The 
amounts of glycocholate formed during the incubation 
(0-055-0-006 pmole/vessel) were so small that they did not 
interfere significantly with the formation of cholyl-S-Co A. 
The fractional activity « (reaction velocity in the presence 
of inhibitor/reaction velocity without inhibitor present) 
was determined as the relation: 


glycocholate formed in 30 min. in presence of taurocholate 





glycocholate formed in'30 min. without taurocholate present ; 

I =inhibitor concentration = taurocholate concentration. 

The circles denote the average of the four individual 

values ( x) obtained with the different inhibitor (tauro- 

cholate) concentrations used at each concentration of 

coenzyme A. 
whereas rat-liver microsomes, which conjugate the 
structurally related taurine, also conjugated cholic 
acid with f-alanine, to a small degree. These results 
support our two-enzyme theory in the conjugation 
of free bile acids. 

The preference for taurine in the conjugation of 
cholic acid seems to be of physiological importance. 
White (1935-6) found that feeding cholic acid to 
rats led to an increased requirement for the taurine 
precursors cystine and methionine. Mann, Andrus, 
MeNally & Stare (1953) fed cebus monkeys a diet 
high in cholesterol and low in organic sulphur, and 
showed that both cystine and methionine lowered 
the hypercholesteraemia resulting from this diet. 
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Portman & Mann (1955) cite unpublished experi- 
ments performed by Mann, showing that the hyper- 
cholesteraemia in these animals could be lowered 
also by taurine feeding. These results also raise the 
question whether the absence of taurine conjugation 
in the rabbit may be of importance in the cholesterol 
catabolism in this animal. The bile acids are known 
to be the main degradation product in cholesterol 
catabolism (Bloch, Berg & Rittenberg, 1943; 
Siperstein & Chaikoff, 1952; Bergstr6m & Norman, 
1953). 

The inhibiting effect of the conjugated bile acids 
on the coenzyme A-dependent conjugation of the 
free bile acids may explain observations made by 
several workers. Hummel (1929) produced chol- 
esterol fatty liver in mice by feeding a high chol- 
esterol diet. When this diet was replaced with a 
cholesterol-free diet, the liver cholesterol fell to 
normal values within a few days, but if bile acids 
were added to this cholesterol-free diet, the liver 
cholesterol remained unchanged for weeks. Cholic 
and glycocholic acid but not trioxocholanic acid had 
this effect. Friedman & Byers (1952) found that 
biliary obstruction led to hypercholesteraemia and 
accumulation of bile acids in the blood in rats. These 
bile acids must be assumed to be in the conjugated 
form, as only conjugated bile acids are found in the 
urine from rats with ligated bile ducts (Norman, 
1955). 

Pihl (1954, 1955) fed free bile acids to normal rats 
on a diet with high cholesterol and low fat content 
and found increased cholesterol deposition in the 
liver under conditions where the intestinal ab- 
sorption was not increased. The results could not be 
explained by an increase in the endogenous syn- 
thesis of cholesterol, and the conclusion was drawn 
that bile acid feeding interfered with the cholesterol 
degradation. Trioxocholanic acid had a much 
smaller effect than had cholic and deoxycholic acids. 

It is reasonable to assume that the conjugated 
acids mediate their effect through their inhibition of 
the coenzyme A-dependent conjugation of the free 
bile acids, and possibly also other coenzyme A- 
dependent steps in the cholesterol degradation. The 
free bile acids, after being conjugated, will enter the 
enterohepatic circulation and presumably give the 
same effect. They may also inhibit the cholesterol 
degradation by depleting the taurine ‘pool’. 

The lower efficiency of trioxocholanic acid as 
substrate in the conjugation then might explain the 
small or absent effect of this acid on the cholesterol 
degradation. 


SUMMARY 


1. The conjugation of free bile acids with taurine 
and glycine performed by rat, rabbit and chicken 
liver microsomes has been studied. 

2. Rat-liver microsomes are shown to conjugate 
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free bile acids with both glycine and taurine, but 
taurine is preferred in the conjugation. 

3. Rabbit-liver microsomes conjugate the free 
bile acids almost exclusively with glycine. 

4. Chicken-liver microsomes conjugate cholic 
acid exclusively with taurine. 

5. Cholic, deoxycholic, 3:7:12-trioxocholanic and 
cholanic acids have been shown to serve as sub- 
strates in the conjugation, both in the rat and in the 
rabbit. Trioxocholanic acid was shown to be less 
efficient than the cholic and deoxycholic acids. 

6. Taurocholic and glycocholic acids were shown 
to inhibit the conjugation by preventing the forma- 
tion of cholyl-S-Co A, presumably by acting as 
antimetabolite to coenzyme A. 


7. The results are discussed in relation to 
cholesterol metabolism. 
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Extracts of garlic (Alliwm sativum) have been used 
for medicinal purposes for several thousand years. 
Their use is described by Virgil in the Second Idyll as 
a treatment for snake bite and by Hippocrates for 
treating pneumonia and suppurating wounds. The 
use of garlic extracts for treating such ailments as 
gastric catarrh, dysentery, typhoid and cholera has 
continued in many parts of the World. Recently 
garlic extracts have been claimed to be more satis- 
factory than penicillin for the treatment of some 
throat infections (Fortunatov, 1952). 

A scientific basis for the medicinal use ‘of garlic 
extracts was established by Lehmann (1930), who 
demonstrated that the growth of Eberthella typhosa 
and Esherichia coli was abolished by the extracts. 
The true nature of the active principle, however, 
remained obscure until Cavallito & Bailey (1944), by 
steam distillation of ethanolic garlic extracts, ob- 
tained a colourless strong-smelling oil which pos- 
sessed a powerful bactericidal action in concentra- 


tions as low as 1:85000, against a wide range of 


bacteria. This oil, called allicin, was diallylthio- 
sulphinic acid (II) (Cavallito, Buck & Suter, 1944). 
Stoll & Seebeck (1948), however, showed that the 
undamaged garlic bulb contained, not allicin, but 
a related substance, alliin, which was converted into 
allicin enzymically when the bulb was crushed. 
Alliin has no bactericidal action. Stoll & Seebeck 
(1951) showed by synthesis that alliin was S-allyl- 
L-cysteine S-oxide (I). Stoll & Seebeck (1949a) 
formulated its conversion into allicin as 


+H,O 


1946). No study of the effect of alliin on enzymes 
appears to have been made. 

The object of the present work has been, by the 
use of pure synthetic alliin, to establish whether 
enzyme inhibition observed with garlic extracts can 
be attributed to alliin or to allicin and to examine 
the possibility that the antibacterial action of 
allicin could be ascribed to enzyme inhibition. 
Twenty-eight enzymes have been tested, in the 
presence of various concentrations of alliin and 
allicin. The effect on a few enzymes of some sub- 
stances with a structure related to allicin has also 
been examined, in an attempt to establish the 
mechanism of action of allicin. 


EXPERIMENTAL 


Materials 


DL-Alliin. This synthetic product was a gift from Sandoz 
Ltd. 

Allicin. This was prepared enzymically by incubating at 
37° for 15 min. an alliin solution of the required strength 
with an equal volume of alliinase solution (see below). 
Allicin was synthesized as described by Small, Bailey & 
Cavallito (1947). 

Diallyl sulphide (L. Light and Co. Ltd.). This was re- 
distilled in vacuo before use. 

Diallyl disulphide. This was synthesized from allyl 
chloride as described by Twiss (1914). It was distilled at 76° 
at 11 mm. 

Diallyl sulphoxide. This was synthesized as described by 
Stoll & Seebeck (1948). 


2R.SO.CH,.CH(NH,).CO,H ———> R.SO.S8.R + 2CH,.CO.CO,H +2NH, 


Alliinase 


(1) 


(1) 


(R= —CH,.CH:CH,) 


Garlic extracts inhibit alkaline phosphatase and 
invertase (Danilenko & Epshtein, 1953), urease and 
succinic dehydrogenase (Szymona. 1952), and blood 
peroxidase (Vinokurow, Bronz & Korsak, 1947), but 
do not affect carboxylase and cytochrome oxidase 
(Szymona, 1952), or amylase and pepsin (Vino- 
kurow et al. 1947). Invertase activity of red-clover 
extracts is, however, stated to be increased by 
garlic extracts (Morozow, 1950). Allicin inhibits 


urease (Agarwala, Murti & Shrivastava, 1952), 
papain and amylase (Rao, Rao & Venkataraman, 


Enzyme preparations and activity measurements 


The methods of preparation and estimation of activity for 
most of the enzymes used have been previously described 
(Wills & Wormall, 1950; Wills, 1954). 

Alliinase. This enzyme was prepared by the method of 
Stoll & Seebeck (1949a) with the modification that the 
ammonia used for neutralization was replaced by NaOH 
since traces of ammonia interfere with the estimation of the 
enzyme activity. The enzyme extracted from 25 g. of garlic 
was finally made up in 25 ml. of 0-1m phosphate buffer, 
pH 6-0. 
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The ammonia produced by alliinase action was estimated 
in a Conway vessel with 0-25m phosphate buffer, pH 6-0 
(0-5 ml.), 0-02 alliin solution (0-5 ml.), water (0-5 ml.) and 
alliinase solution (0-5 ml.) in the outer compartment and 
1% (w/v) boric acid containing mixed indicator (1 ml.) in 
the inner compartment. The vessel was incubated at 37° for 
15 min., when a saturated solution of K,CO, (1 ml.) was run 
into the outer compartment. The vessel was incubated for 
a further 60 min. at 37° and the boric acid finally titrated 
with 0-0059N-HCl. 

Succinic dehydrogenase. This was estimated as previously 
described (Wills & Wormall, 1950) and also, with a 10% 
(w/v) homogenate of rat liver, by the colorimetric method of 
Kun & Abood (1949). 

Papain. This was estimated by a milk-clotting method 
already described (Wills & Wormall, 1950), and as pre- 
viously described for trypsin (Wills, 1954). 

Xanthine oxidase. (a) From milk. Preparations used were 
untreated cream, a cream extract in phosphate buffer 
described by Horecker & Heppel (1949) and samples of 
stages in the preparation of crystalline xanthine oxidase, 
which were kindly supplied by Professor F. Bergel. These 
were samples M1, M2, M5 and M7 (crystalline enzyme) as 
described by Avis, Bergel & Bray (1955). (b) From liver. 
This was prepared from rat liver either as described by 
Axelrod & Elvehjem (1941), or by I. Lewin (private com- 
munication). The enzyme activity was estimated mano- 
metrically with hypoxanthine as substrate, as previously 
described (Wills & Wormall, 1950). 

Triose phosphate dehydrogenase. The enzyme source and 
method of estimation were as described by Mackworth 
(1948). 

Lactic dehydrogenase. A 5% (w/v) aqueous extract of 
acetone-dried powder of rabbit muscle was used. Enzyme 
activity was measured by the Thunberg method with 0-2m 
phosphate buffer, pH 7-4 (0-5 ml.), water (0-5 ml.), 0-1% 
(w/v) coenzyme I (Co I) solution (0-5 ml.) and enzyme solu- 
tion (0-5 ml.) in the main tube, and 0-005 % (w/v) methylene 
blue (0-2 ml.) and 2% (w/v) sodium lactate (0-2 ml.) in the 
sidé bulb. The tube was evacuated, warmed to 37° and the 
contents were mixed. The time for decolorization of the 
methylene blue was observed. 

Alcohol dehydrogenase. (a) From yeast. This was prepared 
from dried yeast by the first stages of the method described 
by Racker (1950). (b) From liver. This was prepared as 
described by Lutwak-Mann (1938). The Thunberg method 
was used for the estimation. 

Alkaline phosphatase. Ox or rabbit serum was used as 
a source of this enzyme. It was estimated by the method of 
King (1951). 

Adenosine triphosphatase. An extract of rat skeletal 
muscle or cardiac muscle was used and its activity was 
estimated by the method of Dubois & Potter (1943). 


RESULTS 
Alliinase action and allicin production 


It has been previously shown that natural L-alliin 
is completely and rapidly converted into allicin, 
ammonia and pyruvic acid by alliinase. The enzyme 
was, however, optically specific and did not attack 
the p-isomer, so that only 50% of S-allyl-p1- 
cysteine sulphoxide was converted into allicin even 
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after incubation for 80min. (Stoll & Seebeck, 
19495). 

These results have been confirmed with Dt-alliin. 
When the alliinase preparation was mixed with an 
equal volume of 0-05m alliin solution, 50% of the 
alliin was converted into allicin within 5 min. and 
no more allicin or ammonia was formed during 
periods up to 90 min. Allicin is unstable and was 
therefore prepared just before use by incubating at 
37° for 15 min. the calculated quantity of alliin 
solution with an equal volume of alliinase. The 
preparation contained, in addition to allicin, un- 
changed p-alliin, alliinase, ammonia and pyruvic 
acid, so that for study of the effect of allicin on the 
enzymes, control experiments with equivalent or 
greater concentrations of alliin, alliinase, ammonia 


and pyruvic acid were necessary. 


Effect of alliin, allicin and alliinase on enzymes 


Alliin (0-0057M) and alliinase (0-3 ml. of the 
standard preparation) when tested separately had 
no effect on the succinic oxidase system. When, 
however, they were incubated together the allicin 
produced powerfully inhibited the succinic oxidase 
system; the inhibition produced by 0-00029M 
allicin was approximately equivalent to that 
produced by a solution obtained by extracting 
garlic with 50 times its weight of water (Fig. 1). 


50 
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Fig. 1. Comparison of the effects of alliin, allicin, alliinase 
and crude garlic extracts on succinic oxidase. Alliinase: 
the preparation described in the text diluted 10 times. 
Garlic extract: a solution obtained by extracting garlic 
with 50 times its weight of water. Substrate: 0-llM 
sodium succinate. 
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The inhibition of the succinic oxidase system was 
most likely due to inhibition of succinic dehydro- 
genase since cytochrome oxidase was unaffected, 
and succinic dehydrogenase activity, measured by 
the colorimetric method of Kun & Abood (1949), 
was strongly inhibited. 

Neither alliin (0-002M) nor alliinase affected to 
any measurable extent any other enzyme tested. 
The enzymes tested in presence of allicin, however, 
were divisible into the two of Table 1 
depending on whether they were inhibited or not by 
0-0005™ allicin. Table 1 shows that allicin inhibits 


groups 


sulphydryl enzymes, and that very few members of 


this class of enzyme tested were unaffected. Some 
enzymes listed as inhibited in Table 1 were only 
mildly inhibited by allicin; thus 0-001 allicin 
caused only 45% inhibition of tyrosinase action. 
The three enzymes in Table 2 were, however, 
extremely sensitive to allicin in very dilute solu- 
tions. The concentration of allicin used in these 
experiments is comparable to that (4:5 x 10->m) 
found by Cavallito & Bailey (1944) to inhibit com- 
pletely the growth of many bacteria. 


Summary of the effect of 0-0005mM allicin 
on some enzymes 


Table 1. 


Enzymes inhibited Enzymes unaffected 


*Succinie dehydrogenase Cytochrome oxidase 


*Urease Lipase 
*Papain Rennin 
j Xanthine oxidase (cream) Pepsin 


Trypsin 

Invertase 

a-Amylase 

Esterase (serum) 
p-Amino acid oxidase 
Ascorbic acid oxidase 
Catalase 

Carbonic anhydrase 
*Carboxylase 
*Adenosine triphosphatase 
*8-Amylase 


+ Xanthine oxidase (liver) 

*Choline oxidase 

* Hexokinase 

*Cholinesterase 

*Glyoxylase 

*Triose phosphate 
dehydrogenase 
*Alcohol dehydrogenase 

Lactic dehydrogenase 

Tyrosinase 

Alkaline phosphatase 


* SH enzymes. } Possibly SH enzymes. 


Table 2. Enzymes strongly inhibited by allicin 


Substrate Allicin 

concen. conen. Inhibition 
(M) (10-°m) (%) 
Succinic 0-1] 33-3 90 
dehydrogenase 0-11 14:3 85 
0-11 5-6 50 
Triose phosphate 0-01 10-0 100 
dehydrogenase 0-01 5-0 87 
0-01 2-0 40 
Xanthine oxidase 0-005 20-0 95 
(in cream) (pH 6-4) 0-005 10-0 71 


0-005 5-0 36 
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Effect of allicin on xanthine oxidase 

The xanthine oxidase activity of cream was 
powerfully inhibited by allicin (Table 2). Xanthine 
oxidase may be an SH-enzyme (Mackworth, 1948; 
Harris & Hellerman, 1953) and thus fit into the 
general pattern. Inhibition of cream xanthine 
oxidase by allicin was, however, dependent on pH 
as shown in Fig. 2, which shows that 0-0001m 
allicin completely inhibited the enzyme at pH 5-5 
but had practically no effect at pH 8-2. This pH 
effect was the reverse of that observed with urease, 
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Fig. 2. Effect of pH on the inhibition of xanthine oxidase 
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(cream) by 0-0001m allicin. Substrate: 0-005m hypo- 
xanthine. 
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Fig. 3. Effect of allicin, triolein and a detergent on purified 
xanthine oxidase (Fraction M5). Triolein: 0-1 ml./3-0 ml. 
of total aqueous phase. Detergent: 3% (w/v) Lubrol 
M.O. Substrate: 0-005m hypoxanthine. 
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when inhibition by allicin increased with increasing 
alkalinity (Fig. 5). 

Although allicin inhibited oxygen uptake by 
xanthine oxidase it did not affect the dehydrogenase 
activity as measured by the methylene-blue tech- 
nique. In addition, methylene blue protected 
xanthine oxidase against inhibition by allicin of 
oxygen uptake. Thus 0-0167mM methylene blue 
completely abolished inhibition by 0-0001 M allicin, 
and the protective action was still detectable with 
0-0001M methylene blue. 

When cream extracted with phosphate buffer was 
used as a source of xanthine oxidase, inhibition was 
produced by allicin but the inhibitory effect was 
less than that observed with cream. The buttermilk 
(M1), filtrate enzyme (M 2) and crystalline enzymes 
(M7) of Avis et al. (1955) were practically unaffected 
by 0-0001  allicin at any pH tested. This was due to 
the complete absence of fat in these preparations. 
The addition of a small quantity of triolein produced 
a marked increase in the inhibitory effect, and this 
was enhanced if the enzyme and triolein were first 
emulsified with a detergent before addition of the 
allicin (Fig. 3). The xanthine-oxidase activity of rat 
liver was also completely inhibited by 0-00025m 
allicin. 


Effect of allicin on yeast and tissue respiration 


Yeast fermentation of glucose, the respiration of 
yeast in the presence of glucose and the endogenous 
respiration of rat-liver homogenate and rat-muscle 
homogenate were all inhibited by allicin but 
unaffected by alliin. Thus 0-00025m allicin caused 
43% inhibition of yeast respiration and 50% 
inhibition of the respiration of rat-muscle or liver 
homogenate. 


Effect of garlic extracts on enzymes 


Aqueous extracts of crushed garlic bulb were 
tested on urease, succinic oxidase, amylase, trypsin 
and lipase. Garlic was extracted with 5 times its 
own weight of water, and the juice was filtered. 
Succinic oxidase was completely inhibited by this 
extract diluted a further 10 times and urease was 
67% inhibited. Trypsin, amylase and lipase were 
unaffected. The pattern of the effect of crude garlic 
extract on these enzymes was thus parallel to the 
effect of allicin. These results are in agreement with 
those of Szymona (1952) and Vinokurow et al. (1947). 


Protection of enzymes against inhibition by allicin 


Various compounds were tested for their ability 
to protect succinic dehydrogenase and urease 
against inhibition by allicin. The sulphydryl com- 
pounds cysteine, glutathione and BAL (2:3- 
dimercaptopropanol) were good protective agents, 
and serum had a weak protective action. Alanine, 
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glycine, glutamic acid, arginine, histidine, phenyl- 
alanine, gelatin, native or denatured ovalbumin, and 
serum albumin had no effect. Cysteine (0-01™m) 
completely protected succinic oxidase against 
0-00025m allicin if mixed with the allicin before 
addition of enzyme, and 0-001 Mm, but not 0-0001 Mm, 
cysteine completely protected against 0-00014m 
allicin. Glutathione protected to an approximately 
equal extent when used in the same concentrations 
as the cysteine. If, however, the allicin had had 
prior contact with the enzyme for even a short time, 
cysteine or glutathione restored only a small 
fraction of the enzymic activity. 

Combination of allicin with these sulphydryl 
enzymes was extremely rapid. Thus 0-00025m 
allicin produced 81 % inhibition of succinic oxidase 
if added with the substrate, and 92 % inhibition if 
the enzyme was in contact with allicin for 14 min. 
before addition of substrate. Prolonged periods of 
contact between allicin and enzyme did not signi- 
ficantly increase the inhibition. Similar results 
were obtained for urease by Agarwala et al. (1952). 
Addition of glutathione or cysteine to succinic 
oxidase at different times after addition of allicin 
showed that some regeneration of enzyme activity 
was obtainable after short contact periods, but 
little activity was recoverable after enzyme and 
allicin had been in contact for 15 min. (Fig. 4). 





0 5 10 15 20 25 
Time (min.) 

Fig. 4. Effect of glutathione (0-01M) on the inhibition of 
succinic oxidase by allicin (0-00025m). A, glutathione 
mixed with enzyme before addition of allicin; B, gluta- 
thione added after enzyme and allicin had been in contact 
for 5 min.; C, glutathione added after enzyme and allicin 
had been in contact for 15 min. Substrate: 0-11M sodium 


succinate. 





518 





The effect of pH on the inhibition of urease by 
allicin and on the protective effect of 0-002 mM cysteine 
was investigated. The extent of inhibition by 
0-00025™m allicin decreased slightly as the pH de- 
creased from pH 7-0 to 5-0, but the protection by 
0-002 cysteine, which was complete at pH values 
greater than 6-5, was much reduced at pH 5-0 
(Fig. 5). 


Effect of compounds related to allicin on enzymes 


Urease and succinic oxidase were used for testing 
the effect of several compounds with a structure 
related to that of allicin. Results obtained with 
succinic oxidase (Table 3) showed that allicin was 
a very powerful inhibitor but that diallyl disul- 
phide, diallyl sulphide or diallyl sulphoxide had no 
effect under the experimental conditions. 


Synthetic allicin 


Synthetic allicin inhibited urease and succinic 
oxidase to approximately the same extent as did 
allicin prepared enzymically. 
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Fig. 5. Effect of pH on the inhibition of urease by 0-00025m 
allicin and on the effect of the addition of 0-002 cysteine. 
Cysteine and allicin were in contact for 5 min. at specified 
pH before addition of urease. Substrate: 0-004 urea. 


Table 3. 


Enzyme and compound in contact for 30 min. before start of experiment. 


substrate in each experiment. 
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DISCUSSION 


The experiments described leave little doubt that 
enzyme inhibition observed with crude garlic 
extracts is caused by allicin. Table 1 shows that 
with few exceptions SH-enzymes were inhibited and 
that most other enzymes were not affected. The 
cause of the inhibition of the enzymes which are not 
normally regarded as SH-enzymes, and the nature 
of the groups in the enzyme molecule attacked by 
allicin, are not yet clear. Rao et al. (1946) found that 
sweet potato fB-amylase was 7% inhibited by 
0-00031™ allicin after contact for 5 min. but that 
the inhibition increased to 26% after contact for 
30 min. In the present work no inhibition of un- 
purified malt B-amylase by 0-0005m allicin could be 
detected after contact for 15 min. A likely inter- 
pretation of these experiments is that the SH 
groups of B-amylase are much less accessible to or 
reactive with allicin than are those of succinic 
dehydrogenase, where maximum inhibition is 
rapidly obtained. A similar explanation is probable 
for the failure of allicin to inhibit carboxylase and 
adenosine triphosphatase, which are usually re- 
garded as sulphydryl enzymes (Barron, 1951). 

Cavallito & Bailey (1944) found that 1:125 000 
(=4:5x10->m) allicin completely inhibited the 
growth of fourteen out of fifteen strains of bacteria 
tested, but that half that concentration had no 
effect on any strain tested. In the present work 
powerful inhibition of sulphydryl enzymes was 
observed with 5-6 x 10-°m allicin for the succinic 
oxidase system, 2x10-5m for triose phosphate 
dehydrogenase and 5 x 10->m for xanthine oxidase. 
It is therefore clear that some vital oxidation 
enzymes are inhibited in a concentration that would 
adequately explain the bactericidal action of 
allicin. 

Small et al. (1947) have, by the synthesis of a 
series of alkylthiosulphinates of general formula 
R-SO-S-R, demonstrated that the -SO-S-— group 
was essential for bactericidal action. The results of 
Table 3 show that the -—SO-S— grouping is also 
essential for inhibition of the succinic-oxidase 
system and that the —S—S-, —S— and -SO- groupings 
were not effective. Similar results were obtained 





Comparison of the effect of allicin and related compounds on the succinic oxidase system 


Sodium succinate (0-11m) was used as the 


Formula Conen. Inhibition 
(R= —CH,.CH:CH,) (mm) (%) 
*Diallyl sulphide R.S.R 3-3 0 
*Diallyl disulphide R.S.S.R 3-3 0 
Diallyl sulphoxide R.SO.R 3°3 0 
Alliin R.SO.CH,.CH(NH,).CO,H 4-0 0 
Allicin R.S8.SO.R 0-14 84 


* Used as a suspension. 
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with urease. There is thus a close relationship 
between the grouping essential for bactericidal 
action and that for enzyme inhibition. These 
authors also observed that increasing the length of 
chain in the R group increased the activity of the 
thiosulphinate against Gram-positive organisms, 
and thus, forexample, the diallyl compound, allicin, 
was more effective than the dimethyl derivative. 
They suggested that the increased length of the R 
chain rendered the compound more lipid-soluble, 
and the thiosulphinate, partially dissolved in the 
lipid portion of a lipoprotein, would thus more 
effectively attack the protein SH groups. This 
hypothesis receives strong support from the results 
of the present experiments with xanthine oxidase. 
This enzyme was practically unaffected by allicin 
when purified and free from fat, but it was power- 
fully inhibited in the natural state when absorbed 
by the liposomes of the milk. The purified enzyme 
was inhibited when added to fat artificially emulsi- 
fied. This is a rare example of an enzyme which is 
more powerfully inhibited in the crude than in the 
purified state. In the case of xanthine oxidase in 
cream the fat is likely to act by dissolving the allyl 
groups and bringing the allicin into close proximity 
with the enzyme. 

Cavallito (1946) has classified bactericidal agents 
attacking SH compounds into three groups, de- 
pending on their specificity. Members of the first 
group, which attack nearly all sulphydryl com- 
pounds, react rapidly with the SH group of cysteine 
and cysteine peptides. Allicin is a member of this 
group. The second, and third group which includes 
penicillin, are more specific and only attack some 
SH groups. Cavallito et al. (1944) concluded that 
the main product of the action of cysteine on allicin 
was S-thioallyleysteine : 


C,H,.S.S.CH,.CH(NH,).CO,H. 


Rao et al. (1946) state that S-thioallyleysteine is 
quantitatively formed. Similar combination of 
allicin might occur with enzyme SH groups, and the 
difficulty of reversing the inhibition is in accord 
with this possibility. On the other hand, the labile 
oxygen atom of allicin may simply oxidize the SH 
groups to —-S—S-. The effect of pH on the inhibition 
of urease by allicin and the protective action of 
cysteine shows that inhibition of urease, although 
decreasing with increasing acidity, does so much 
less than does the protection by cysteine (Fig. 5). 
A probable interpretation of these results is that the 
SH group of cysteine is much less readily attacked 
than are the SH groups of urease as the pH is 
progressively lowered. The effect of pH on the in- 
hibition of xanthine oxidase by allicin probably 
bears no relation to the case of urease, and is likely 
to be connected with the effect of pH on the state 
of the lipoprotein complex of the cream. 
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SUMMARY 


1. All enzyme inhibitory effects observed with 
garlic extracts may be explained by the presence of 
allicin in them. 

2. Alliin (0-002m) did not inhibit any enzyme 
tested, but 0-0005m allicin inhibited nearly all 
sulphydryl enzymes but very few non-sulphydryl 
enzymes tested. Some enzymes, such as triose- 
phosphate dehydrogenase, were inhibited by 
0-00005 allicin. 

3. Sulphydryl enzymes could be protected by 
cysteine or glutathione against inhibition by allicin, 
but only partial recovery of enzyme activity was 
obtainable after the allicin and enzyme had been in 
contact for a short period. 

4. Inhibition of sulphydryl enzymes has been 
shown to be associated with the presence of the 
—SO-S-— grouping and not the —SO-, —S—S-— or —S— 
groups. 


The author wishes to express his thanks to Professor A. 
Wormall for advice and interest in this work and to Miss G. 
Fisher for technical assistance. Gifts of alliin from Sandoz 
Ltd. and of several samples of pure xanthine oxidase from 
Professor F. Bergel are gratefully acknowledged. 
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Pathways of Glucose Catabolism in Rat Liver 
in Alloxan Diabetes and Hyperthyroidism 


By GERTRUDE E. GLOCK, PATRICIA McLEAN anp J. K. WHITEHEAD 
Courtauld Institute of Biochemistry and Barnato—Joel Laboratories, Middlesex Hospital, London, W. 1 


(Received 16 January 1956) 


A previous publication (Glock & McLean, 1955) 
reported striking alterations in levels of activity of 
enzymes of the hexose monophosphate oxidative 
pathway of glucose metabolism both in alloxan 
diabetes and hyperthyroidism. It was found that 
levels of activity of both glucose 6-phosphate and 
6-phosphogluconate dehydrogenases were markedly 
reduced in the livers of diabetic rats and greatly 
increased after thyroxine treatment. In an attempt 
to substantiate these findings and to assess the 
relative importance of glycolytic and non-glycolytie 
pathways of carbohydrate metabolism, the utiliza- 
tion of [1-“C]glucose and [6-“C]glucose by liver 
slices from normal, diabetic and hyperthyroid rats 
has been determined by measuring the conversion of 
these labelled substrates into 4CO,. In addition to 
these isotope measurements, the levels of activity 
of glucose 6-phosphatase and phosphoglucose iso- 
merase have also been determined, since the former 
is one of the factors regulating the availability of 
glucose 6-phosphate, the common substrate for 
both metabolic pathways, whilst striking altera- 
tions in activity of phosphoglucose isomerase might 
be expected to influence the proportion of glucose 
6-phosphate metabolized via the glycolytic route. 


EXPERIMENTAL 
Materials 


D-Glucose 6-phosphate (G 6-P). This was a preparation of 
the heptahydrate of the barium salt obtained from Sigma 
Chemical Co. 

6-Phosphogluconate (6-PG). This was a preparation of the 
barium salt used previously (Glock & McLean, 1953). 

[1-“C]Glucose [1-“C]Glucose was 
obtained from the Radiochemical Centre, Amersham, and 
[6-“C]glucose from Dr H. 8. Isbell, National Bureau of 
Standards, Washington. 


and [6-4C]glucose. 


Methods 


Estimation of G 6-P dehydrogenase and 6-PG dehydrogenase 
activities. These were determined spectrophotometrically by 
following the rate of reduction of triphosphopyridine nucleo- 
tide (TPN) at 340 my. in 1 cm. cells in a Hilger Uvispek spec- 
trophotometer as described previously (Glock & McLean, 
1953). In the assay of G 6-P dehydrogenase activity, the 
reaction mixture consisted of 0-5 ml. of 0-25M glycylglycine 
(pH7-6),0-5 ml. of 0-1 m-MgCl, ,0-1 ml. of 6-PG dehydrogenase 
prepared from rat liver by fractionation with (NH,),S0,, 
followed by dialysis (Glock & McLean, 1953), 0-1 ml. of liver 
supernatant and 0-2 mg. of TPN in a total volume of 
2-4 ml. The reaction was started by the addition of 0-1 ml. of 
0-05 G 6-P to both cells, the blank being devoid of TPN. 
In the assay of 6-PG dehydrogenase activity, the (NH,),SO, 
liver fraction was omitted, G 6-P was replaced by 0-1 ml. of 
0-05 m 6-PG and the reaction was carried out in glycylglycine 
buffer at both pH 7-6 and pH9-0. A unit of enzyme 
activity is defined as the quantity of enzyme which reduces 
0-01 pmole of TPN/min. at 20°. 

Estimation of glucose 6-phosphatase activity. This was 
determined according to Duve, Pressman, Gianetto, 
Wattiaux & Applemans (1955). The incubation mixture 
contained 0-04Mm G 6-P, 0-007 histidine, 0-001 ethylene- 
diaminetetraacetate (pH 6-5) and 0-2 ml. of 10% (w/v) liver 
homogenate in a total volume of 1 ml. After incubation for 
10 min. at 37°, the reaction was stopped by the addition of 
an equal volume of 10% trichoroacetic acid, and inorganic P 
was determined in the filtrate by the method of Fiske & 
Subbarow (1925). A unit of enzyme activity is defined as the 
quantity of enzyme which hydrolyses 1 pzmole of G 6-P/min. 
at 37°. 

Estimation of phosphoglucose 
assay was based on that described by Slein (1955) for 
muscle phosphoglucose isomerase, fructose 6-phosphate 
formation being determined colorimetrically by the method 
of Roe (1934), which gives approximately 65 % of the colour 
of free fructose. The incubation mixture contained 4 zmoles 
of G 6-P, 20 pmoles of glycylglycine (pH 7-6), and 0-1 ml. of 
0-1% liver homogenate in a total volume of 0-5 ml. The 
homogenate was prepared in ice-cold isotonic KCl (0-15M) 


isomerase activity. This 











Vol. 63 


containng KHCO, (8 ml. of 0-02m KHCO,/I.). After 
incubating for 10 min. at 37°, the reaction was stopped by 
the addition of 3-5 ml. of 8-3m-HCl, 1 ml. of 0-1 % resorcinol 
in 95% ethanol was added and the mixture heated for 
10 min. at 80°. The tubes were cooled and the colours read in 
lcm. cells at 490 my. in a Hilger Uvispek spectrophoto- 
meter. Under these conditions of assay, where the fructose 
6-phosphate formation is less than 15% of that formed at 
equilibrium and there is no detectable hydrolysis of either 
G 6-P or fructose 6-phosphate, the measured activities were 
directly proportional to both enzyme concentration and 
time. A unit of enzyme activity is defined as the quantity of 
enzyme which produces 1 umole of fructose 6-phosphate/ 
min. at 37°. 

Determination of deoxyribonucleic acid (DNA). Liver 
DNA was determined as described previously (Glock & 
McLean, 1955). 

Treatment of animals. The dietary procedure and produc- 
tion of alloxan diabetes and hyperthyroidism were the same 
as those described previously (Glock & MeLean, 1955), 
except that the diabetic rats were killed 3-4 weeks after 
injection of alloxan. In the insulin-reversal experiments, the 
rats were injected thrice, subcutaneously, at 12 hr. intervals 
with 10 units of insulin followed by 20 units intraperitoneally 
lhr. before killing. Blood-sugar values were determined 
periodically. We are indebted to Dr K. Hallas-Moller for 
a gift of crystalline insulin free from hyperglycaemic factor, 
which was used in all the reversal experiments. 

Isotope experiments. Rat-liver slices, approximately 
0-4 mm. in thickness, were prepared with a Stadie—Riggs 
cutter (Stadie & Riggs, 1944). The slices (500 mg.) were put 
into a special flask (see Chernick, Masoro & Chaikoff, 1950) 
containing 4-5 ml. of Krebs-Ringer bicarbonate solution 
[previously gassed with O,+CO, (95:5)] and 0-2 ml. of 
glucose solution containing approximately 0-2 uc of #C (in 
the form of [1-C]giucose or [6-™C]glucose) in 20 mg. of 
glucose. The side arm contained 0-5 ml. of 5N-H,SO,. After 
incubation for 90 min. at 38° with O, + CO, (95:5) as the gas 
phase, 1 ml. of 5N-KOH was introduced into the centre well 
by injection through the rubber teat and the H,SO, was 
tipped in from the side arm. A further 60 min. was allowed 
before the contents of the centre well were transferred and 
diluted with water to 10 ml. Measured samples of this 
solution were used for determining CO, by gas counting as 
described by Salmony & Whitehead (1954). 


RESULTS 
Alloxan diabetes 


The results for the percentage conversion of [1-'C]- 
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from control, diabetic and insulin-treated diabetic 
rats are given in Table 1. Although the yield of 
14CO, from [1-'4C]glucose is slightly reduced in the 
diabetic rats, this decrease is not statistically 
significant. The yield of “CO, from [6-“C]glucose, 
however, is greatly reduced, resulting in a significant 
increase in the quotient (yield of *CO, from [1-“C]- 
glucose)/(yield of CO, from [6-!4C]glucose), hence- 
forward termed ‘1-C/6-C quotient’ in the diabetic- 
rat liver. Insulin treatment produces a significant 
increase above the diabetic level in the yield of 
4CO, from both [1-“C]glucose and [6-1C]glucose, 
and a return of the 1-C/6-C quotient towards the 
control level. In addition, insulin treatment in- 
creases significantly the yield of CO, from [1-™C]- 
glucose above the control level. 

The levels of activity of G 6-P and 6-PG dehydro- 
genases and of phosphoglucose isomerase in the 
livers of the same control, diabetic and insulin- 
treated diabetic rats, as were used for the isotope 
measurements, are given in Table 2. Although, when 
expressed in units/g. of liver, the level of activity of 
6-PG dehydrogenase, but not of G 6-P dehydro- 
genase, was decreased in the livers of the diabetic 
rats, there was a significant fall in the activity of 
both dehydrogenases when expressed in units/mg. 
DNAP. The failure, in contrast to earlier findings 
(Glock & McLean, 1955), to obtain a reduction in 
G 6-P dehydrogenase activity except when ex- 
pressed in units/mg. DNAP can largely be attri- 
buted to the fact that in the present investigation 
amore prolonged diabetes resulted in a very marked 
reduction in liver weight. Insulin treatment of the 
diabetic rats produced a significant increase above 
the diabetic level in the liver activities of both 
G 6-P and 6-PG dehydrogenases, when expressed 
either in units/g. of liver or in units/mg. DNAP. 
Insulin also inereased the activity of G 6-P de- 
hydrogenase above the control level. 

Phosphoglucose-isomerase activity 
altered significantly when expressed in units/g. 
of liver either in the diabetic or insulin-treated 
diabetic rats. When expressed in units/mg. DNAP, 
however, the isomerase activity was significantly 
reduced in the diabetic rats and significantly in- 


was not 


glucose and [6-'C]glucose into “CO, by liver slices creased above the diabetic level as a result of 
Table 1. Yields of “CO, from [1-"“C]glucose and [6-MC]glucose by liver slices 
from alloxan-diabetic rats and insulin-treated diabetic rats 
Results expressed as means--s.E.M. For details, see Methods section. P 
Alloxan-diabetic group P Diabetic v. 

Control 2 ~——__— Control v. diabetic 

group No insulin Insulin diabetic insulin 
No. of animals ‘ad ae me 13 12 10 
Conversion (%) of [1-“C]glucose into “CO, 1-:00+0-11 0-76 + 0-06 1-49 + 0-28 0-072 0-012 
Conversion (%) of [6-C]glucose into “CO, 0-63 + 0-04 0-23 + 0-02 0-66 + 0-08 <0-001 <0-001 
ie P14" Py 14(" 208e 
Yield of “CO, from [1-"C]glucose 1-60-4.0-15 3-72 +. 0-38 2.96 -+.0-25 <0-001 0-007 


Yield of 4CO, from [6-C]glucose 
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insulin treatment. Glucose 6-phosphatase activity 
was not determined, since it has already been shown 
to be significantly reduced in the livers of diabetic 
rats (Ashmore, Hastings & Nesbett, 1954; Langdon 
& Weakley, 1955). 


Hyperthyroidism 

The results of the isotope experiments with liver 
slices from control and thyroxine-treated rats are 
given in Table 3. Although there is no significant 
difference between the yield of “CO, from [1-C]- 
glucose by liver slices of control and hyperthyroid 
animals, the yield of “CO, from [6-!4C]glucose is 
significantly increased as a result of thyroxine 
treatment. This produces a significant decrease in 
the 1-C/6-C quotient. 


Table 2. 
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Additional measurements on the livers of the 
same experimental animals included the determina- 
tion of levels of activity of G 6-P and 6-PG dehydro- 
genases, phosphoglucose isomerase and glucose 6- 
phosphatase. These results are incorporated in 
Table 4. The marked increases in the levels of 
activity of both G 6-P and 6-PG dehydrogenases in 
the livers of the hyperthyroid rats confirm earlier 
findings (Glock & McLean, 1955), although the 
isotope results are interpreted as indicating that the 
increased glucose catabolism is due to greater 
participation of the glycolytic route. There is also 
a significant increase in the glucose 6-phosphatase 
activity of the livers of the hyperthyroid rats. 
Phosphoglucose isomerase activity was not signi- 
ficantly altered. 


Levels of glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase and phosphoglucose 


isomerase in the livers of control, alloxan-diabetic and insulin-treated diabetic rats 


Results expressed as means+s.E.M. For details see Methods section. DNAP, deoxyribonucleic acid phosphorus. 


P 
Alloxan-diabetic group P Diabetic v. 
Control | —_,__ Control v. diabetic + 
group No insulin Insulin diabetic insulin 
No. of animals 12 10 10 _ —- 
Initial body wt. (g.) 224+1 225+2 225+1 — —- 
Final body wt. (g.) 274+8 174+8 186+12 -- -— 
Liver wt. (g.) 10-70 + 0-39 7-70+0-33 10-09 + 0-66 — — 
Average daily sugar excretion (g.) — 7841-2 3-9+0-7 - — 
Blood sugar level (mg./100 ml.) — 349+39 118+19 - — 
DNAP (yg./g. of liver) 204-48 272 +16 206+ 10 sis i 
Glucose 6-phosphate dehydrogenase, pH 7-6 
Units of enzyme/g. of liver 47+3 5143 71+7 0-150 0-043 
Units of enzyme/mg. of DNAP 230+ 16 187+10 345+. 28 0-042 <0-001 
6-Phosphogluconate dehydrogenase, pH 9-0 
Units of enzyme/g. of liver 193+ 11 115+5 152+11 <0-001 0-011 
Units of enzyme/mg. of DNAP 945 +. 67 423+31 738 +68 <0-001 <0-001 
6-Phosphogluconate dehydrogenase, pH 7-6 
Units of enzyme/g. of liver 92+7 5142 6444 <0-001 0-005 
Units of enzyme/mg. of DNAP 450+ 35 187+12 310+20 <0-001 <0-001 
Phosphoglucose isomerase* 
Units of enzyme/g. of liver 88+4 7814 97+8 0-117 0-072 
Units of enzyme/mg. of DNAP 431+37 287+12 471+43 0-008 0-004 


* Six rats only in each of these three groups. 


Table 3. 


Yields of 44*CO, from [1-“@C]glucose and [6-14C]glucose by liver slices 


from control and thyroxine-treated rats 


Results expressed as means+S.E.M. For details, see Methods section. 


No. of animals ae oes aes 
Conversion (%) of [1-C]glucose into “CO, 
Conversion (%) of [6-C]glucose into “CO, 
Yield of CO, from [1-"C]glucose 

Yield of “CO, from [6-C]glucose 


Control Thyroxine- 
group treated group P 
8 8 — 
1-49+0-13 1-68 +0-17 0-400 
0-75 +0-06 1-26+0-12 0-003 
2-00 +0-13 1-34+0-07 <0-001 
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Table 4. Levels of glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, glucose 6-phosphatase 
and phosphoglucose isomerase in the livers of control and thyroxine-treated rats 


Results expressed as means+s.£.M. For details, see Methods section. 


No. of animals 
Initial body wt. (g.) 
Final body wt. (g.) 
Liver wt. (g.) 
Glucose 6-phosphate dehydrogenase, pH 7-6 
Units of enzyme/g. of liver 
Total units of enzyme in liver 
6-Phosphogluconate dehydrogenase, pH 9-0 
Units of enzyme/g. of liver 
Total units of enzyme in liver 
6-Phosphogluconate dehydrogenase, pH 7-6 
Units of enzyme/g. of liver 
Total units of enzyme in liver 
Glucose 6-phosphatase 
Units of enzyme/g. of liver 
Total units of enzyme in liver 
Phosphoglucose isomerase 


Units of enzyme/g. of liver 
Total units of enzyme in liver 


DISCUSSION 


The use of [1-4C]giucose and [6-!4C]glucose for the 
quantitative assessment of the relative importance 
of alternative pathways of glucose metabolism has 
recently been fully discussed by Wood (1955). 
Although preferential utilization of [1-“C]glucose 
indicates the participation of a non-glycolytic route, 
exact quantitative interpretation of the results is 
hazardous since the caleulations involve many 
assumptions and uncertainties. For this reason no 
quantitative assessment has been attempted in the 
present study, which was undertaken with the 
hope of substantiating, in terms of CO, production 
from the tissue slice, the previous findings (Glock & 
McLean, 1955) that levels of activity of enzymes of 
the hexose monophosphate oxidative pathway were 
markedly reduced in the livers of diabetic rats and 
strikingly increased as a result of thyroxine treat- 
ment. 

The present results show that in liver slices from 
diabetic rats, whereas the formation of “CO, from 
[1-“C]glucose is only slightly lower than the control 
value, that from [6-4C]glucose is considerably 
reduced. This results in a significant increase in the 
1-C/6-C quotient from 1-60 to 3-72, indicating a 
decrease in the proportion of the total glucose 
catabolized via glycolysis. The results for “CO, 
production from [1-'4C]glucose substantiate those 
for G6-P dehydrogenase activity, which is not 
significantly reduced when expressed in units/g. of 
liver, although there is a marked reduction in 
DNAP. Treatment of the diabetic 


units/mg. 


Control Thyroxine- 
group treated group P 
6 6 a 
183+2 183+3 — 
197+3 184+8 — 


8-77 +0-39 7-58+0-49 _— 


64+6 100+ 10 0-009 
562+48 758 +68 0-017 
198+ 10 422+ 26 <0-001 

1736+91 3200 + 208 <0-001 
69+8 154+13 <0-001 
605+ 72 1168+ 104 0-001 
18-3+1-5 27-141-1 <0-001 
158+8 205+13 0-013 
126+7 138+7 0-223 
1101470 1051+ 103 0-698 


animals with insulin produced a significant increase 
in the activity of G 6-P and 6-PG dehydrogenases, 
both when expressed in units/g. of liver and in 
units/mg. DNAP. This was accompanied by a 
significant increase in the yield of “CO, from 
[1-4C]glucose, above both diabetic and control 
levels. The yield of “CO, from [6-4C]glucose was 
increased even more by insulin treatment, resulting 
in a return of the 1-C/6-C quotient towards the 
control value. 

The results obtained with isotopes for liver slices 
from diabetic rats do not agree with those of Bloom 
(1955), who found that although the formation of 
M4CO, from both [1-C]glucose and [6-4C]glucose 
was greatly reduced, a lowered value for the 
1-C/6-C quotient indicated that a greater propor- 
tion of glucose was being catabolized via glycolysis. 
These discrepancies may perhaps be attributed to 
the fact that in the experiments of Bloom the 
diabetes was more severe and of longer duration. 

In the case of liver slices from thyroxine-treated 
rats, the isotope results indicate that the increased 
glucose catabolism is due to a greater participation 
of the glycolytic pathway, since the yield of “CO, 
from [6-14C]glucose only is increased, and there is a 
significant fall in the 1-C/6-C quotient from 2-00 in 
the control group to 1-34 in the hyperthyroid group. 
It thus appears that in spite of increased activity of 
enzymes of the hexose monophosphate oxidative 
pathway in the hyperthyroid-rat liver, the glyco- 
lytic pathway competes more effectively for 
available substrate, the concentration of which is 
limited by increased glucose 6-phosphatase activity. 





SUMMARY 


1. Rat-liver slices have been incubated with 
[1-4C]glucose and with [6-“C]glucose, and the 
yields of #CO, from these two substrates have been 
compared in normal, alloxan-diabetic, insulin- 
treated diabetic and thyroxine-treated animals. 
Livers from the same animals have been used for 
determining the activities of glucose 6-phosphate 
dehydrogenase and 6-phosphogluconate dehydro- 
genase and of phosphoglucose isomerase. In 
addition, glucose 6-phosphatase activity has been 
determined in the control and hyperthyroid-rat 
livers. 

2. In diabetes the formation of “CO, from 
[6-4C]glucose is significantly reduced, whereas that 
from [1-!C]glucose is only very slightly reduced. 
This indicates a decrease in the relative proportion 
of glucose catabolized via glycolysis. 

3. Treatment of diabetic rats 
partially reverses the changes mentioned above by 
increasing the “CO, production from both [1-'C]- 
glucose and [6-!C]glucose, with an accompanying 
fall in the quotient (yield of “CO, from [1-™C]- 
glucose)/(yield of CO, from [6-C]glucose). The 
levels of activity of glucose 6-phosphate and 6- 
phosphogluconate dehydrogenases are also in- 
creased, glucose 6-phosphate dehydrogenase activity 
being significantly higher than that of normal liver. 

4. After thyroxine treatment “CO, production 
[6-4C]glucose is significantly increased, 
that from [1-!C]glucose is only very 


with insulin 


from 
whereas 
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slightly increased, indicating greater participation 
of the glycolytic pathway. 

5. Glucose 6-phosphatase activity is significantly 
higher in the livers of thyroxine-treated rats. 


We are indebted to Professor F. Dickens, F.R.S., for his 
interest, to Dr H. Isbell for supplying us with [6-“C]glucose, 
and to Miss Audrey Bowles and Mr D. Beale for valuable 
technical assistance. This work was carried out during the 
tenure by G. E.G. of the Hugh Percy Noble Scholarship and 
has been in part financed by a grant from the Research Fund 
of the University of London and also by a grant to the 
Medical School from the British Empire Cancer Campaign. 
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The Effects of Salicylate on Oxygen Consumption and Carbohydrate 
Metabolism in the Isolated Rat Diaphragm 
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Salicylate produces a number of effects on carbo- 
hydrate metabolism in the normal rat, such as 
depletion of liver and muscle glycogen (Lutwak- 
Mann, 1942; Winters & Morrill, 1955), an initial 
hyperglycaemia (Smith, 1955a) and an inhibition of 
the actions of adrenal corticosteroids in producing 
glycosuria and hyperglycaemia (Smith, 1952). The 
depletion of glycogen and antagonism of the effects 
of adrenal cortical extracts have also been observed 
with rat-liver (Smith, 19556). Salicylate 
decreases the glycosuria and hyperglycaemia in the 
diabetic rat (Ingle, 1950; Smith, Meade & Bornstein, 
1952) and produces hypoglycaemia in adrenal- 
ectomized and hypophysectomized animals (Smith, 
1955a; Comulada, Carlo & Smith, 1953). 


slices 


An increased consumption of oxygen after the 
administration of salicylate occurs in man (Cochran, 
1952) and the rat (Meade, 1954), and in isolated 
tissues such as mouse-liver slices (Sproull, 1954) and 
rat-brain preparations (Fishgold, Field & Hall, 
1951) incubated with salicylate. The possible rela- 
tion between this increased oxygen consumption 
and the effects of salicylate on carbohydrate 
metabolism is of some interest, particularly because 


of the suggestion (Meade, 1954) that the action of 


salicylate may resemble that of the dinitrophenols, 
which interfere with oxidative phosphorylation 
processes (Loomis & Lipmann, 1948). The present 


work is concerned with a study of the effects of 


salicylate on the isolated rat diaphragm, which 





—— 
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provides a convenient system for the estimation 
of oxygen uptake, glycogen content, lactic acid 
accumulation and glucose uptake. A preliminary 
account of the work has already been communicated 
to the Biochemical Society (Smith & Jeffrey, 1956). 


METHODS 


Preparation of the diaphragms. Male rats of the Wistar 
strain (wt. 100-120 g.) were used, and unless otherwise 
stated were fasted for 24 hr. before killing by decapitation. 
The diaphragms were excised according to the directions of 
Stadie & Zapp (1947), spread on filter paper and divided 
into two or four pieces. These were immediately transferred 
to 5 ml. of phosphate-saline (Stadie & Zapp, 1947), main- 
tained at 2° and after any remaining connective tissue had 
been removed the pieces were.weighed on a torsion balance 
and placed in the appropriate medium in Warburg flasks. 
When O, uptake, respiratory quotient, glycogen and lactic 
acid were to be measured, quarter-diaphragms (40-50 mg.) 
were employed. In the glucose uptake experiments two 
hemidiaphragms from separate rats were placed in the 
control flask and the corresponding pair of hemidiaphragms 
in the flask containing salicylate. The flasks were attached to 
manometers and gassed with O, or N, for 5 min.; yellow 
phosphorus was used in the centre wells in the anaerobic 
experiments. The flasks were incubated at 25° or 37°. In the 
O,-uptake experiments 10 min. equilibration was allowed 
before the first reading. 

Incubation media. Two salt solutions were used: (a) 
phosphate medium of Stadie & Zapp (1947); (6) a modified 
Ringer solution containing 9-0 g. of NaCl, 0-46 g. of KCl, 
0-211 g. of KH,PO,, 0-382 g. of MgSO,,7H,0 and 0-26 g. of 
NaHCO, in 11. of distilled water; 90 ml. was mixed with 
10 ml. of phosphate buffer (8 parts of 0-4m-Na,HPO, and 
2 parts of 0-4m-KH,PO,, pH 7-4) for the aerobic experi- 
ments, and 97 ml. was mixed with 3 ml. of the phosphate 
buffer for the anaerobic experiments. The lower phosphate 
concentration (0-012M) was used in the anaerobic work to 
decrease the rate of glycogen breakdown; it was found that 
with the higher phosphate concentration (0-04M) the gly- 
cogen disappeared within a few min. from the control 
diaphragms. Glucose was added to both media to give a 
final concentration of 0-01M and the salicylate was added 
from the side arm of the Warburg flasks after temperature 
equilibration. Salicylate (5 x 10-*m, 69 mg./100 ml.) was 
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chosen as a suitable initial concentration because plasma 
salicylate concentrations of 50-70 mg./100 ml. were found 
in rats at the time when maximum liver glycogen depletion 
occurred after the injection of sodium salicylate. In all cases 
the pH was initially 7-4 and did not alter significantly during 
the course of the experiments. 

Methods of analysis. Glycogen was estimated according 
to the directions of Walaas & Walaas (1950); the glucose in 
the final stage of the procedure and also the glucose in the 
media were measured by the method of Nelson (1944). The 
glucose uptake was calculated as the amount of glucose 
which disappeared from the medium during incubation. 
Portions of diaphragm for glycogen analysis were placed in 
0-3 ml. of 30% (w/v) aqueous KOH immediately after 
excision and at the end of the incubations the pieces of 
diaphragm were removed from the flasks, blotted and 
treated in a similar manner. Lactic acid (medium + tissue) 
was determined by the method of Barker & Summerson 
(1941), all the values being corrected for the amounts 
present initially in the tissue. The respiratory quotient was 
measured by Warburg’s direct method and expressed as the 
overall value. 


RESULTS 


Effect of salicylate on glycogen and lactic acid of 
diaphragms incubated aerobically. The results in 
Table 1 show the effect of 5 x 10-* mM salicylate on the 
glycogen content and lactic acid production of rat 
diaphragms incubated for 30, 60 and 120 min. at 
37° under O,. The control diaphragms showed a 
significant net synthesis of glycogen at 120 min. 
(P=0-01) and incubation with salicylate caused 
significant depletions of the glycogen at 30, 60 and 
120 min. A progressive accumulation of lactic acid 
occurred in the control diaphragms, which was 
significantly increased by salicylate at 30 and 
60 min.; at 120 min., however, the lactic acid of the 
control diaphragms was usually higher than in the 
diaphragms incubated with salicylate, although the 
difference was not significant. 

Table 2 shows that the effect on glycogen break- 
down was diminished by decreasing the concentra- 
tion of salicylate and no significant effect was 
detected after an incubation of the diaphragms for 
60 min. with 10-‘ salicylate. 


Table 1. Effect of 5 x 10-*M salicylate on glycogen and lactic acid of rat diaphragms incubated aerobically 


Quarter-diaphragms were incubated at 37° in 2 ml. of phosphate medium containing 0-01 Mm glucose under an atmosphere 
of O,. Mean values+s.£. and ranges are given for the results, which are expressed as mg./g. of wet wt. 


Glycogen Lactic acid 
—————————————— FH —————— 

Time of incubation (min.)  ... 0 30 60 120 30 60 120 

No. of experiments... ais 13 7 13 6 5 7 6 
Control 1-4640-54 1-40+0-47 2-0740-70 2-38+0-48 1-30+0-27 2-10+0-22 2-86+0-71 
Range 0-53-2-13  0-72-2:21 =: 0-64-3-10—s-:1-52-3-52—s:1-04-1-64 = 1-80-2-39—-1-95-3-91 
Salicylate — 0-8140-45 0-5140-38 0-1640-12 1-79+0-21 2-3240-18 2-50+0-66 
Range — 0-30-1-76 0:12-1:49 0-08-0-37 1:51-2:07 2-07-2-68  1-82-3-61 


Statistical significance of differences between results of control and salicylate groups. Glycogen. 30 min.: ¢=2-3758, 
P=0-05; 60 min.: t=4-2305, P = <0-001; 120 min.: t=7-8932, P= <0-001. Lactic acid. 30 min.: ¢=3-2071, P=0-02; 
60 min.: ¢ =2-2776, P =0-05; 120 min.: ¢=2-0353 P=0-l. 
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Effect of decreasing concentrations of salicylate on glycogen of rat diaphragms incubated aerobically 


Quarter-diaphragms were incubated aerobically for 60 min. at 37° in 2 ml. of phosphate medium containing 0-01M 


glucose. Mean values+s.£. and ranges given for results, which are expressed as mg. of glycogen/g. wet wt. 


Conen. of 


salicylate No. of 
(mM) experiments 

5x10 13 

1x 10-3 6 

5x10-4 6 

1x10-* 6 





Glycogen 
AX 

Control Salicylate 
2-07+0-70 0-51+0-38 
(0-64-3-10) (0-12-1-49) 
2-53+0-61 1-58 +0-65 
(1-49-2-92) (0-84—2-39) 
2-40+0-27 1-60 + 0-34 
(1-87-2-60) (1-09-1-84) 
1-76+0-58 1-70+0-57 


(0-64-2-26) 


(0-57-2:20) 


Comparison of control 
and salicylate glycogen 


eee 
t P 
4-2305 <0-001 
2-6087 0-05 
4-3937 0-01 


Table 3. Effect of 5 x 10-*M salicylate on glycogen and lactic acid of rat diaphragms incubated aerobically 


Quarter-diaphragms from non-fasting rats were incubated for 15 min. at 25° in 2 ml. of phosphate—Ringer (0-04m 


phosphate) containing 0-01 glucose under an atmosphere of O,. Mean values (10 expts.)-+S.E. and ranges are given for 
the results, which are expressed as mg./g. wet wt. 


Glycogen 
A 





c ‘ Lactic acid 
Initial Initial poo 
— Control — Salicylate Control Salicylate 
Initia] Control Salicylate (A) (B) (C) (D) 
3-08 + 0-80 2-46+0-89 1-73+0-61 0-62 +0-46 1-35+0-43 0-30+0-13 0-59 + 0-33 
(1-83-4-40) (1-54-4-31) (1-19-3-00) (0-10-1-42) (0-47—2-00) (0-10-0-54) (0-29-1-00) 


Statistical significance of differences between results. For groups A and B: t=4-2131, P= <0-001; for groups C and D: 
t=3-3896, P=0-01. 


Table 4. Effect of 5 x 10-* salicylate on glycogen content and lactic acid production 
of rat diaphragms incubated anaerobically 


Quarter-diaphragms from non-fasting rats were incubated for 10 min. at 25° in 2 ml. of phosphate—Ringer (0-012m 
phosphate) containing 0-01m glucose under an atmosphere of N,. Mean values+s.£. and ranges are given for the results, 
which are expressed as mg./g. wet wt. 








Glycogen 
c Lactic acid 
Initial Initial e A - - \ 
No. of —Control -Salicylate No. of Control Salicylate 
experiments Initial Control Salicylate (A) (B) experiments (C) (D) 
5 3-27+0-70 2-17+0-74 1-56+0°61 1-:09+0-31 1-70+0-31 7 2-10+0-20 2-63+0-32 
(2-66-4-25) (1-27-3-10) (0-90-2-35) (0-84-1-59) (1-18-1-96) (1-94-2-52) (2-12-3-08) 


Statistical significance of differences between results. For groups A and B: t=3-1506, P =0-02; for groups C and D: 
¢t=3-7527, P=0-01. 


Table 5. Effect of 5 x 10-*m salicylate on glucose uptake of rat diaphragms incubated aerobically 


Two hemidiaphragms were incubated in 2 ml. of phosphate buffer containing 0-01 glucose for 60 or 120 min. at 37°. 
Results given as means+-s.£. and ranges, expressed as mg./g. wet wt. 








60 min. 120 min. 
. = oe tf oe ee epteees. 
No. of Control Salicylate No. of Control Salicylate 
experiments (A) (B) experiments (C) (D) 
9 5-24+1-10 5:25+0-80 ll 8-94+1-18 6-86 + 1-33 
(3-03-6-95) (4-20-5-85) (7-00—10-30) (4-40-8-50) 


Statistical significance of difference between C and D: t=5-7322, P= <0-001. 
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When diaphragms from rats which were not 
fasted before the experiments were incubated at 
37°, a rapid disappearance of glycogen occurred in 
the control diaphragms. Experiments were there- 
fore performed at 25° to reduce the rate of glycogen 
breakdown, and the addition of 5 x 10-*M salicylate 
caused significant increases in glycogen breakdown 
and lactic acid production after 15 min. incubation 
(Table 3). 

Effect of salicylate on glycogen and lactic acid of 
diaphragms incubated anaerobically. With dia- 
phragms from animals not fasted before the 
experiment, incubation with 5 x 10-*m salicylate 
under anaerobic conditions caused significant 
increases in glycogen breakdown and in lactic acid 
production in 10 min. at 25° as shown in Table 4. 

Effect of salicylate on glucose uptake and respiratory 
quotient of diaphragms. The results in Table 5 show 
that 5x10-°m salicylate caused a significant 
decrease in the uptake of glucose by the diaphragms 
at 120 min. but not at 60 min. 


Table 6. Effect of 5 x 10-*m salicylate on respiratory 
quotient of diaphragms 


Quarter-diaphragms in 4ml. of phosphate medium 
containing 0-01m glucose at 37° under atmosphere of O,. 


Respiratory quotient 


Time - 
(min.) Control Salicylate 
30 0-86 1-02 
0-87 1-00 
60 0-93 0-98 
0-90 0-99 
0-91 0-99 
0-94 0-99 
120 0-83 0-93 
0-85 0-92 
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Fig. 1. Effect of increasing concentrations of salicylate 
on O, uptake of diaphragms incubated at 37° in phos- 
phate medium. O, Control; @, 5x10-°m; A, 10-*m; 
A, 10° o. 


SALICYLATE AND THE RAT DIAPHRAGM 


527 


The respiratory quotient of the control dia- 
phragms measured after 30, 60 and 120 min. varied 
from 0-83 to 0-94, whereas in the presence of 
5 x 10-° salicylate it was increased to values of 
between 0-92 and 1-02 as shown in Table 6. 

The results in Table 6 show that the respiratory 
quotient in the presence of salicylate fell during 
incubation, the difference between the control 
diaphragms and those incubated with salicylate 
being most marked at 30 min. 

Effect of salicylate on O, uptake of diaphragms. The 
effects of different concentrations of salicylate on 
the O, uptake of the diaphragms are shown in Fig. 1. 

Salicylate (5 x 10-*m) always produced a marked 
increase in the rate of O, uptake of the diaphragms 
for the first 30-60 min. of the experiment, but this 
subsequently declined and respiration had almost 
entirely ceased at 2 hr. Salicylate (10-*m) usually 
caused a larger and more prolonged increase in O, 
uptake than 5 x 10-* salicylate, but in about one- 
quarter of the experiments a smaller although more 
sustained increase was produced by the lower 
salicylate concentration. When the diaphragms 
were incubated with 5 x 10-4m or 10-‘m salicylate 
there was usually an initial lag period before an 
increase in O, uptake became apparent. 


DISCUSSION 


The results show that salicylate causes an increased 
breakdown of glycogen in the rat diaphragm under 
aerobic conditions whether a net synthesis or break- 
down of glycogen occurs in control diaphragms. The 
oxygen uptake, lactic acid production and respir- 
atory quotient were also increased, and the glucose 
uptake was decreased. A marked depletion of the 
glycogen content of the diaphragms could be 
detected within 30min., whereas a significant 
reduction in glucose uptake was observed after 2 hr. 
but not after 1 hr. It is therefore unlikely that the 
primary effect of salicylate was to diminish the 
uptake of glucose by the diaphragms, thus causing 
a decreased glycogen content. 

With increasing time of incubation under aerobic 
conditions with 5 x 10-*m salicylate the glycogen 
progressively diminished and had almost completely 
disappeared at 2 hr. (Table 1). The increased oxygen 
uptake observed with salicylate during the first 
60 min. of the experiment had declined with an 
almost complete cessation of respiration at 2 hr. 
(Fig. 1), at which time the differences between the 
lactic acid and respiratory quotients of the control 
diaphragms and those incubated with salicylate had 
also diminished (Tables 1 and 6). Salicylate also 
caused increased breakdown of glycogen and lactic 
acid production in the absence of oxygen. 

A possible mechanism for these effects is that 
salicylate interferes with oxidative phosphorylation 
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reactions and inhibits the production of high-energy 
phosphate bonds. The depletion of glycogen and the 
increased lactic acid and respiratory quotient found 
in the diaphragms incubated with salicylate may be 
indications of substrate breakdown to supply energy 
needed for increasingly inefficient phosphorylation 
processes. The decreased glucose uptake is explicable 
on the same basis if the first step in glucose utiliza- 
tion involves phosphorylation. In order to obtain 
further information concerning a possible action of 
salicylates on the formation of high-energy phos- 
phate bonds the effect of salicylate on the levels of 
creatine phosphate and adenosine triphosphate in 
the isolated rat diaphragm is being studied. 


SUMMARY 


1. The effects of salicylate on the glycogen 
content, lactic acid production, glucose uptake, 
oxygen consumption and respiratory quotient of 
the isolated rat diaphragm have been investigated. 

2. Salicylate caused an increased .glycogen 
breakdown and lactic acid accumulation under both 
aerobic and anaerobic conditions, an increased 
oxygen uptake and respiratory quotient and a 
decreased glucose uptake of the diaphragms. 

3. Possible mechanisms of these changes are 
discussed. 
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